(%) CHALMERS .

e\

Concrete change

Analyzing strategies to reduce the climate impact of

cement
Master’s thesis in Industrial Engineering

Pontus Arvidsson

Department of Energy Technology
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden 2020
www.chalmers.se



Concrete change: Analyzing strategies to reduce the climate impact of cement
PONTUS ARVIDSSON
© PONTUS ARVIDSSON

Department of Energy Technology
Chalmers University of Technology
SE-412 96 Goteborg

Sweden

Telephone + 46 (0)31-772 1000

[Chalmers Reproservice]

Goteborg, Sweden 2020



Concrete Change: Analyzing strategies to reduce climate impact of cement
PONTUS ARVIDSSON
Department of Energy Technology

Chalmers University of Technology

Abstract

To be able to reach the Paris agreement significant efforts to reduce greenhouse gas emission
will be required in all areas of society. The emissions from the construction sector is a large
contributor to the global emissions. Within the construction sector a large contribution to
emission comes from the concrete production. It is an important area to reduce the emissions
in since it is essential in many areas of society for e.g. buildings and infrastructure.

The largest contributor to emissions in the concrete industry is the production of cement, which
accounts for 8% of global CO;-emissions. Nearly 60% of these emissions comes from the
calcination reaction during the production of cement clinker. Therefore, the cement industry
faces a different challenge than other industries, since shifting towards alternative fuels will not
be enough. Carbon capture and storage will most likely be necessary for this industry, but
since this is far from available in a commercial scale in the near future other measures must
be taken before that is implemented.

The main goal of this thesis is to construct an overview of the cement material flow in the
Swedish society and mapping the end uses of cement. Due to a lack of actual industrial data,
an approximation model based on standard cement products was created. In extension to this
model, a set of 5 scenarios was created where various methods to reduce the CO, emissions
from cement were illustrated. The results from the scenarios was also compared to
representative data from other EU countries. The comparison showed that Sweden have a
long way to go in this area of CO, emission reduction regarding both cement clinker levels and
cement and binder intensity in concrete.

This thesis shows the importance of having a thorough statistical base describing different end-
uses of cement containing products to be able to see the emission reduction potential on all
levels of the usage of the materials. There is a need for accurate data from the mortar, screed
and render businesses to allow for a more detailed material flow, as well as more advanced
statistics from the concrete industry, related to both end-uses, binder intensity and cement
types used in various applications. This type of data would be very useful to be able to analyze
the usage (and potential over-usage) of cement and cement clinker in constructions and how
to reduce both the cement use, the cement clinker use and the associated CO, emissions.

Keywords: Cement, Concrete, Emission reduction, Statistics, Material flow



Sammanfattning

For att kunna uppna Parisavtalets mal sa maste det goras betydande insatser for att reducera
utslappen av vaxthusgaser inom alla samhallsomraden. Utslappen fran bygg- och
anlaggningssektorn star for en betydande del av de globala utslappen av vaxthusgaser. Inom
bygg- och anlaggningssektorn kommer en stor del av utslappen fran produktionen av betong.
Eftersom betong ar ett viktigt konstruktionsmaterial inom till exempel infrastruktur och bostader
ar det viktigt att hitta atgarder for att minska utslappen fran cement och betongproduktion.

Huvuddelen av utslappen fran betongproduktion harrér fran produktionen av cement som star
for ungefar 8% av de globala utslappen av CO,. Nastan 60% av dessa utslapp kommer fran
kalcineringsreaktionen som sker under tillverkningen av cementklinker. Cementindustrin méter
darfor en annorlunda utmaning jamfért med manga andra industrier da det inte kommer att
racka att enbart byta till fossilfria branslen. Infangning och lagring av CO, kommer troligtvis att
vara nodvandigt. Dock ar denna teknik inte redo att bérja anvandas pa en kommersiell skala
inom den narmsta framtiden vilket medfor att andra atgarder behover goras innan denna teknik
ar redo att implementeras.

Det huvudsakliga malet med denna uppsats ar att dversiktligt illustrera materialflodet av
cement och betong inom det svenska samhéllet och kartlagga dess anvandningsomraden. Pa
grund av brist av aktuella data fran industrin sa fick en approximationsmodell skapas for att
illustrera detta, vilken baserades pa varden pa standardprodukter av cement samt volymdata
fran den inhemska betongindustrin. Utover detta s& skapades 5 olika scenarier dar olika
metoder tillampas for att minska utslappen av CO,. Dessa resultat jamférdes aven mot andra
EU-lander vilket visade att Sverige har en lang vag kvar for att minska utslappen bade utifran
en reduktion av halten cementklinker samt méngden cement som anvands i betong.

Detta arbete visar att det ar viktigt med utforlig statistik som beskriver hur cement och betong
anvands for att kunna analysera vilken potential olika metoder har for att minska utslappen
genom hela leverantdrskedjan. Det finns ett behov av béttre data avseende puts och murbruk
for att mojliggora ett mer detaljerat materialflode, likaval som mer avancerad statistik fran
betongindustrin, relaterad till bade slutanvandning, bindemedelsintensitet och cementtyper
som anvands i olika applikationer. Denna typ av data skulle vara mycket anvandbar for att
kunna analysera anvandningen (och potentiell 6veranvandning) av cement och cementklinker
i byggandet och hur man kan minska bade cementanvandningen, cementklinkeranvandningen
och de tillhérande koldioxidutslappen.
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1. Introduction

Today the average temperature on the earth is increasing to levels that affect ecosystems and
societies around the world. The effects that follows includes for example raising sea levels,
desertification and mass extinction of animal species. The large increase in greenhouse gas
(GHG) emissions, which has led to the current temperature increase of around 1° Celsius,
began when the human society started to industrialize [1]. With industrialization, mass
production became possible and the performance of various aspects of society could increase
much quicker than before. New types of machinery were invented to help society, such as
trains fueled by coal combustion. While all of this raised the quality of life to a level that before
was unimaginable, the problems that followed were massive increases in GHGs in the
atmosphere, intensifying the greenhouse effect. At the time however, there was no awareness
or understanding of this problem. The problem started to become more apparent in the later
parts of the 20" century.

Reducing the emissions is no easy task, but the first world-wide climate protocol was adopted
in Kyoto 1997, which was ratified and signed by most of the UN members (with some significant
exemptions including the US). A large new agreement was made in Paris in 2015, where it
was decided to keep the average temperature to well below 2° Celsius compared to pre-
industrial levels. It also includes that if possible, efforts towards limiting the temperature
increase to 1.5° Celsius should be carried out. The agreement allows countries to set their own
targets, while introducing instruments to ratchet up national ambition trough provisions on
transparency and regular reporting [2].

The EU have their own separate climate goals with a long-term goal of net-zero emissions by
2050 (for all countries but Poland), with intermediate targets of 20% reduction of GHG
emissions compared to 1990 levels [3] for 2020 and 40% reduction compared to 1990 for 2030
(with enhanced ambition to 2030 under negotiation) [4]. The goal to have a climate neutral
economy by 2050 comes with great challenges, but while the rise of emission previously
followed the economic growth patterns, there has been a successful decoupling of the
economy from the emissions. Compared to 1990 levels the emissions have been cut by 22%
while the GDP has risen by 58% within the EU [5].

Sweden has set more ambitious climate targets than the EU, with a 40% reduction of GHGs
in 2020 compared to the levels of 1990, a reduction of 63% to 2030 and the long-term goal is
to have net-zero emissions in 2045 (defined as at least 85% domestic reductions with the
remaining achieved through so-called supplementary measures, e.g. reduction overseas or
capture and storage of carbon dioxide) [6].

The cement industry is a significant source of emissions and account for roughly 8% of the
worlds CO; emissions today [7], which means all improvements that can be made within this
single industry benefits the emission reduction goals. The industry has difficult challenges
regarding emissions reduction which are described in detail in this report. Cement is not used
on its own but is a component in e.g. concrete and in mortar, screed and render. As cement
has many end use applications, solutions are complex, since it is difficult to find measures that
apply to a wide variety of areas. Previous studies suggest that there is a significant potential
to reduce the climate impact of new concrete structures if applying a combination of measures
upstream (in the primary production of cement) and downstream (e.g. reducing the amount of
cement and concrete used for a specific function) in the concrete supply chain. However, to
provide a realistic estimate of the potential for downstream mitigation measures, there is a
need for a better description of how cement and concrete is used today [6][7][10]. The
possibilities to reduce cement use are highly dependent on the application. Therefore, data on
cement use in different applications are needed. Data on the origin of cement in concrete is

1



also required for a consistent low carbon transition strategy for the construction industry.
Today, particularly in Sweden, there is a lack of a detailed knowledge about the material flows
related to cement and concrete use [11]. If that existed, it would be easier to perform more
accurate assessments of the potential for different measures to reduce emissions and increase
resource efficiency in the production and use of cement and concrete.

1.1 Aim and scope

To provide a realistic estimate of the potential to reduce the climate impact of new concrete
structures it is important to have a relatively detailed understanding of how cement and
concrete is used in society. The objective of the thesis is to assess and estimate the material
flows and end uses of cement in Sweden. The goal is to construct a map that shows a visual
representation of the material flow through the construction supply chains, what type of cement
is used and where. This study has chosen to focus on creating and estimating the cement flow
rather than developing a detailed map of the end use of concrete, mortar, screed and render
due to the overall lack of data and the multiple actors of these industries compared to the
cement market. This choice of focus makes it is easier to estimate the use of cement and
maintaining a higher accuracy of relevant data. This study also features emissions
comparisons and will use the developed map to explore different scenarios examining the
effects of changes in cement types, clinker intensity and binder intensity in concrete.

1.2 Problem description and background of the cement industry

Concrete has been used through society since ancient civilizations like Egypt, Greece and the
Roman empire. Early binders for concrete were volcanic ashes, which today is known as
natural pozzolanic cement. The discovery of concrete allowed these civilizations to emerge
and especially the Roman empire could establish themselves as a dominant empire in Europe.
Concrete enabled them to build better roads and build aqueducts to transport fresh water to
their cities. When the Roman empire fell in the 5" century a lot of knowledge about concrete
was lost. In the centuries to follow a lot of masonry processes were done through carbonation
of lime which was a very slow process compared to pozzolanic cement. It was not until early
in the 19™ century that the currently most common type of cement was invented in 1824 when
Joseph Aspdin took a patent on Portland cement. Portland cement is made of cement clinker,
grounded limestone and possible other filler materials or binders [12]. Later in the 19" century
the first version of the modern Portland cement was created by Isaac Johnson in 1845.

The use of concrete expanded rapidly after World War 2, at first rebuilding and then
contributing to further development of the Western parts of the world. Even if countries like
China is by far the highest consumer of concrete today, their use of concrete increased later.
As can be seen in Figure 1, global cement production driven by Chinese development took off
closer towards the 1990-2000 when China started to make major investments in infrastructure
to modernize the country.
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Figure 1 A graph showing the production of cement and the energy production from fossil fuels
[13].

The production has taken a small halt in later years as China’s production increase has stalled.
However, the production has still increased 4-fold since 1990 [13].

Today, concrete is the world’s most used product, and the use of concrete is expected to
increase in many parts of the world [14]. Conventional concrete is made of aggregates, water
and cement produced from limestone, which are all materials available in most parts of the
world. Concrete is used everywhere in society, being one of the most important building
materials in the construction industry. The reason concrete is valuable as a construction
material is that it is available in abundance, has great flexibility and is very cheap. It can be
precast in factories while also offering the possibility to be produced and molded right at the
building site. It is also a very strong material which is a valuable attribute, particularly in parts
of the world where natural disasters occur at a more frequent rate [7]. Cement is a crucial part
in concrete since it is the binding agent. Non-concrete applications of cements also exist and
have three different major areas. Mortars are used to bind bricks together, screed is used to
coat floors and renders are used as finishing touches on wall surfaces [15].

Most of the emissions in the concrete production chain is the formation of the clinker in cement.
In many other industrial sectors, it is possible to reduce GHG emissions via fuel substitution
towards biofuels or electrification, while in cement roughly 50-60% of the emissions come from
the chemical reaction itself, the reaction where limestone is calcinated to become Portland
cement clinker [7].

A common way to reduce GHG emissions in concrete is to replace a share of the Portland
cement clinker in cement with fly-ash and/or ground granulated blast furnace slag (GGBFS),
the use of grounded limestone has also seen an increase in usage in recent years. These are
known as supplementary cementitious materials (SCM). Fly-ash is a byproduct from coal-fired
power plants and GGBFS is a residue product from the blast furnaces used to produce steel
from iron ore [16]. There are several up- and downsides with these replacements. While
reducing the emissions, their use may also imply some alteration to the concrete properties.
There are also supply issues, due to coal power plants being shut down as electricity
production is going in a green direction with renewable electricity generation outcompeting coal
in line with wind and solar power generation costs coming down [17]. While GGBFS is likely to
be around for longer, blast furnace is likely to be replaced by low-emission steel production
processes in the long term (e.g. hydrogen reduction with hydrogen produced by electrolysis).
Further, there is only a single blast furnace in Sweden that has this type of slag. Swedish
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producers thus have to import GGBFS from other steel-producing countries like Germany and
France, implying tight competition [17]. Other possible SCMs are pozzolanic materials, clays
or more limestone. In terms of replacing Portland cement clinker, one of the major problems is
thus the large quantities being used, which makes the list of possible replacements very thin

[7].

Another measure that can be taken alongside the use of SCMs mixed with the Portland cement
clinker is to use carbon capture and storage (CCS). The basic idea is to capture the carbon
dioxide before it is emitted and then store it underground. This technology is however very
capital intensive and require investments in both capture and transport infrastructure, along
with underground storage for the carbon dioxide. There is thus a need for further research and
development for deployment of CCS to reach large scales as well as sufficient policy
instruments and market demand for low-carbon cement to achieve economic feasibility for
CCS [7]. However, the potential for CCS is greater compared to other industries since the
cement industry do not have many different productions sites but rather large factories. For
example, Sweden has two production sites located in Slite and Skévde. While research
demonstrates room for improvements through material efficiency, recipe optimization and fuel
efficiency, CCS will be required to lower the emissions below certain thresholds or to reach the
long-term goal of zero emissions [18]. Alongside CCS there are also projects focusing on CCU,
carbon capture and utilization. The aim of this technology is to recycle and use CO; within
other industries like the chemical industry sector. However, these technologies are still not fully
developed on a commercial scale and currently only exists in smaller experimental projects
[19].

Another difference regarding the cement industry compared to other sectors is that there are
few producers in the market. In Sweden Cementa is the only company to produce cement [18].
Companies with a limited competition on a certain business market are less inclined to change
their business model unless laws regarding emissions are changed, which means that stricter
governmental regulations would need to be applied to drive companies to invest in actions to
reduce the climate impact [9]. With a large share of the market for a material that is a necessity
in the society, the large investments required to achieve emission reductions is associated with
significant risks, as it increases production costs and could result in customers choosing to
import cement from international producers rather than paying higher prices, so called carbon
leakage [9]. The cement industry is a part of the EU ETS system which is the emission trading
system within the EU. However, the price of the emission rights and the current technology
costs, means that at least to date it is cheaper to buy more emission rights rather than to invest
in technology [18]. Limited market demand for alternative cement products also reinforces
existing business models. A strong market demand would thus be an alternative, but both
producers and customers are very cautious with change as it would mean the production
planning and methods might need to be altered, which comes with extra costs, as well as due
to the need to guarantee durability, since it would of course be disastrous if a building collapsed
due to poor testing of new cements or concrete recipes [7].

Due to the large volumes of cement being produced large quantities of limestone has been
necessary for the process, which means that large quarries have been created. There are thus
also challenges related to the mining of limestone to produce traditional cement. Since there
is a large need for limestone it also means that the local environment effects may be significant.
One of the Swedish cement factories is located in Slite, on Gotland, where Cementa recently
applied to extend their mining rights of limestone. This got denied for different reasons, among
them being that the area contains many red listed species and biotopes of high value. There
were also other justifications such as not including any objective analysis of how the demand
for limestone cement will develop in the future [20]. While the expansion was finally approved
in early 2020, it was only extended for twenty years and contained clauses for fines related to
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ecosystem damage [21]. To keep up with the rapid increase of cement manufacturing (as per
Figure 1), the size of quarries keeps growing in some cases and causes new quarries to open
in other places. Therefore, it is a strong interest to reduce the material intensity in the final
concrete structures. Further, there is often 20-30% more cement in the concrete mix today
than what is required by standards, which occurs for two reasons: over-specification of cement
by concrete producers, and higher exposure classes for the concrete than the situation
demands [22]. In Sweden, we are also facing an additional challenge in that faster construction
processes have led to highly set drying requirements, for example for slabs covered with plastic
or parquet flooring. To meet these requirements, concrete with very high cement content are
used. There is thus a large potential for the cement demand to be reduced by changing
construction production planning to suit new cement types, adjust concrete recipes depending
on the specified flooring and add a screed layers or apply floating flooring solutions to create
a buffer zone between concrete and flooring [23]. Although a majority of the cement is used in
concrete there is still a large usage of non-concrete cement products as can be seen in Figure
7, but due to lack of data and more actors involved there is a heavier focus on the cement used
in concrete.

While there is a strong interest in reducing the climate impact caused by cement production,
demonstrated for example by the Swedish cement, concrete and construction industries’
‘Roadmaps for fossil-free competitiveness’, little is known about the end-uses of cement and
concrete in Sweden [11][24]. As can be seen in Figure 2, the industries are entwined, which
increases the complexity of reducing emissions via downstream abatement measures. While
only one cement manufacturer exists in Sweden, cement is also imported and on the concrete
side there are many different producers, which makes obtaining data difficult.

e -

Limestone, clay, shale
and more.

Alternative binders (fly
ash, GGBFS, etc)

Water

Ballast (Sand, gravel,
crushed stone and
maore)

Figure 2. An overview of the cement used in concrete supply chain.

To be able to achieve the emission reduction and reach the Swedish climate target goals of
both 2030 and 2045, action needs to be taken today rather than tomorrow. To achieve the
goals, there needs to be greater cooperation in between the industries and with researchers
to make the current design and construction processes more efficient as well as to increase
the speed of technology improvement. Increasing the efficiency of currently used processes is
an important step since a lot of the solutions still are in experimental stages and currently too
expensive for companies to invest in. However, to be able to find the best solution as quick as
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possible there is also a strong need of an extensive and quality database within the different
industries. Today there is very little data available on the material flows regarding cement and
concrete, with public data limited to production and total emission numbers for the entire
industries [25]. To be able to do proper analyses on potential for abatement and optimization,
more detailed levels of data are needed. Even national data on produced volumes, cement
contents in concrete, and weight of cement and concrete seems to be inconclusive, as
statistical reports incomplete year on year datasets [13]. Data sufficient to both run analyses
on, and perform proper follow ups on, would include how much of each different cement types
are used, the average levels of binder content and the concrete composition, together with
detailed splits regarding how much goes to each sector for the end use of cement and
concrete. An argument used against publishing more data from the producers themselves is
that this data is competitive and could give their opponents advantages. However, if only
reporting average values, this issue could be avoided. This thesis serves to demonstrate what
could be achieved if data gaps were filled, in view of identifying and implementing solutions,
and monitor progress which would make the climate goals of 2030 and 2045 possible to
achieve. The next sections give a more detailed picture of cement and concrete and the
potential abatement measures in focus.

2. Cement
The production of cement is done in three main steps; it starts out with grinding the raw
materials into a powder, which is sent into a preheating station. After this step, precalcination
takes place, which is where limestone is heated up and turned into quicklime (releasing COy).
The clinker is subsequently produced in a rotating kiln where the grounded lime from the
precalciner is mixed together with clay or shale at a temperature of 1450 °C [14]. Figure 3
contains a schematic image of a cement manufacturing site and the process steps required.
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Figure 3 Schematic image of a cement manufacturing plant. Source: IEA “Technology
roadmap, Low carbon transition in the cement industry” [14].



Once the clinker has been produced from the kiln it is cooled and then grinded down once
again to be mixed with other components such as gypsum and other minerals. Each type of
cement composition can be unique, all depending on the properties that is desired from the
cement when used in a specific type of product. The most common type of cement today is
the Ordinary Portland Cement (OPC), which has a high share of cement clinker and therefore
a high climate impact [14]. In efforts to reduce the climate impact other additives that has
similar binding properties can be added to the cement to reduce the climate impact. These
additives are commonly labelled as SCMs and they have various sources, both natural or as
by-products from other industries.

2.1 SCM overview

SCMs, or supplementary cementitious materials (SCMs), as they are also known by, provide
one measure to reduce the climate impact of cement. However, there are potential downsides
as adding SCMs can affect the properties of the end use product such as the setting time and
durability. Therefore, detailed planning is needed when creating the cements and composing
the concretes or other end use products to ensure the quality standards that is needed for
various construction projects. This chapter will give an overview of the most common SCMs
and their origins.

Fly ash is obtained as a by-product from coal power plants, where the fly ash is extracted from
the unburnt residues from the coal combustion. The unburnt residues are carried away from
the burning zone in the boiler with the flue gases. The fly ash is separated from the flue gases
through either electrostatic separation or mechanical separation [26]. The main drawback from
increasing the share of fly ash in the cement is that it affects the setting time and therefore a
slower strength development in the concrete. It can also be weaker in environments that are
exposed to frost, salts and where the possibility for carbonation exists [26]. Sweden has a very
small share of the produced fly ash in the EU, where it roughly stands for 0.06% of the total
production, thus needing to import fly ash [17].

GGBFS has its origins from the steel industry and the blast furnaces that are used for iron
smelting. This process contains mixing iron ore, coke and limestone at temperatures around
1500 °C. While the iron ore is reduced to pure iron, the other materials form a ferrous molten
slag on top of the iron. The molten slag is tapped of periodically and if the end goal is to produce
GGBFS it must be rapidly cooled. Once the cooling is complete the granules are dried and
crushed into a fine powder [27]. The advantages of using GGBFS is increased levels of long-
term strength and higher resistance to chemical aggression compared to fly ash. GGBFS
however also imply increased setting times [16][27]. The availability of GGBFS depends on
the locations of the blast furnaces and as can be seen in Figure 4, they not equally distributed
over Europe. This means that if the use of GGBFS is expected to be increased, imports would
be necessary. In addition to this Europe is already using approximately 80% of the supplies
already [8]. However, Sweden has a higher production share of GGBFS of roughly 3.7% in the
EU [17].
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Figure 4 A map of blast furnace locations in Europe. Source: Favier et al (2018) [8].

Other SCMs are pozzolans, which consist of a wide range of volcanic ashes and clays that
can be found in many places. However, all pozzolans cannot be used as SCMs. The best types
of pozzolans to use as SCMs in cement are pyroclastic materials which have their origin from
volcanic eruptions. These are common in countries such as Italy, Germany, Greece and China.
Considering that there are many natural reserves of these natural pozzolans and the supply of
industrial SCMs are dwindling, there can be an expected increase of usage of these [16]. There
are also useful clays that can be used as SCMs although these often require a thermal or
mechanical activation treatment to obtain its binding properties. In Figure 5, there is a map
overview where usable clays have been marked. Although these exist in many places, to date
they are less economically attractive compared to fly ash and GGBFS [8]. This will probably
change since Europe is already using all existing supplies of fly ash and GGBFS and the
demand is increasing [8].
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Figure 5 A map of the countries within EU where suitable clays for SCMs are located. Source:
Favier et al (2018) [8].

2.2 Cement types

There is a certain type of classification for different cement types in the EU according to the
European standard EN 197-1, which contains composition, specifications and conformity for
the 27 different types of common cements. These are divided into the categories of CEM |-V
with subcategories. The classifications are done regarding to the contents of the cement exists
on a percentage base, as shown in Fel! Ogiltig sjalvreferens i bokmarke. [28]. The smaller
components in Fel! Ogiltig sjalvreferens i bokmarke. refers to inorganic mineral materials
that are either added to the cement or obtained in the process of making the clinker. The
additions of this type can be inert, possess weak hydraulic properties or pozzolanic properties.
However, the additions should not increase the water demand of the cement in any higher
proportions [28].

Table 1 Simplified overview of the different cement types.

Cement type Cement clinker SCM (%) Minor additional
(%) constituents (%)

CEM I 95-100 0 0-5

CEM I 65-94 6-35 0-5

CEM llI 35-64 36-65 0-5

CEM IV 45-89 11-55 0-5

CEM V 20-64 36-80 0-5

OPC is often referred to as CEM I, which is the classic cement with the highest amount of
cement clinker content. Common usage areas for CEM | in Sweden these days are harsh
environments where the risk of exposure to salts and carbonation can occur, such as in coastal



areas or on roads. Because of the exposure, it is more difficult to replace the cement in these
concrete structures.

As can be seen in Figure 6, the most common type of cement in Europe today is CEM Il. This
type of cement is the most varied since it contains a low-medium share of SCMs, while also
maintaining a high share of cement clinker, therefore having similar properties to CEM I. Many
different types of binders are used for CEM Il, including fly ashes, GGBFS, limestone and
pozzolans. CEM Il is widely used where there are no special requirements regarding
environmental exposures.

CEM lll is more commonly known as slag cement since the only SCM allowed in this category
is GGBFS. CEM Il allows for a higher share of clinker substitution since the only real drawback
is increased setting time (as described in the section about GGBFS). The usage of CEM llI
could be higher with increased supply of GGBFS and the slower construction rates resulting
from increased setting times. Concrete buildings containing GGBFS based cements typically
have a longer lifetime then regular OPC [27].

The pozzolanic cements are classed as CEM IV and have a relatively small use today as can
be seen in Figure 6, largely been dependent on regional availability. As mentioned in the
section about pozzolanic binders this category will probably see an increased use with an
anticipated increased use of calcined clays as SCMs. As shown in Figure 5, a larger share of
countries have access to suitable clays for SCM than the amount of countries that have access
to volcanic materials [8].

Composite cements are known as CEM V and contains fly ash, GGBFS and pozzolans in
various compositions [28]. In the EU there are few nations that allow the use of CEM V, mostly
due to the lack of data and due to the fact that strength tests are not as easy to perform since
the composition varies greatly [29].
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Figure 6 Share of cement types sold in Europe in 2015. Source: Favier et al (2018) [8].

2.3 Cement-based products

Concrete is used in many areas of society, with the largest areas of usage being non-
residential buildings, residential buildings and infrastructure [25]. Concrete is also used as
smaller building blocks, for example sleepers in railway construction. Figure 6Figure 7 shows
the different shares of cement containing products used in Europe 2015, where 76% are
different types of concrete.
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Figure 7 Share of cement used in downstream products in Europe 2015. Source: Cembureau
and ERMCO via Favier et al (2018) [8].

Ready-mixed concrete is manufactured in a central plant, while for small batches of concrete
or for large jobs where space is limited on the building site, concrete can be mixed on the
building site [30]. Precast concrete elements are also made in a centralized plant, where
concrete is cast in a mold at a plant to then be transported as one single piece to the
construction site [31]. Mortars and plasters are used in the masonry business to bind bricks
together or to coat and even the surface on certain walls and concrete flooring. Mortars are
also used to repair different structures of concrete, such as cracks on the surface of walls or
entirely missing pieces of concrete in structures.

2.4 Exposure classes

Exposure classes is a concept used within the concrete industry to determine which concrete
to use based on the environment that is around the construction. As different environments
have different exposure to certain chemicals or natural conditions, the exposure class also
affect how much cement is used. A common problem that has been identified for the building
sector is that engineers typically choose the same exposure class for a broad part of the project
to ensure the durability of final structure. However, more careful choices can be made for a
project. Walls inside a house for example are not exposed to weather and wind and do not
need to withstand the same type of conditions. By having tailormade exposure class choices
throughout a construction project, these is thus potential for cement usage to be reduced [8].
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The exposure classes are divided into several different categories and subcategories
depending on what they are supposed to withstand, e.g. carbonation, corrosion, frost, salt and
acidic conditions. In Table 2 Simple overview of exposure classes in the European concrete
standard EN-206:2013+A1:2016 [32].Table 2, the different exposure classes according to the
European concrete standard EN-206:2013 are displayed [32].

Table 2 Simple overview of exposure classes in the European concrete standard EN-
206:2013+A1:2016 [32].

Name of class | Chemical hazard Typical environment
X0 None Concrete inside a building with low
humidity.
XC1-4 Corrosion through carbonation. Concrete that is exposed to water
on a regular basis.
XD1-3 Corrosion due to chlorides from Concrete surfaces that is exposed
other sources then seawater. to chlorides from other sources
then seawater, such as road salts
XS1-3 Corrosion due to chlorides from Constructions close to the coast.
seawater.
XF1-4 Areas where freezing and thawing | Roads and infrastructure buildings.

repeatedly is common. Includes
classes both for when area is
exposed to salts or not.

XAl-3 Aggressive chemical attacks on Concrete in environment with
the concrete. difficult chemical conditions.

In addition to the problem choosing the correct exposure class, there is a tendency for
overspecification of cement within the exposure classes. There is often 20% more cement in
the concrete mix than what is required by the standard, for extra safety, to reduce error margins
or reduce the risk of uncontrolled extra water to the construction site. To give an example of
this, Figure 8 shows the standard for some exposure classes in Austria compared to the actual
cement contents.
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Figure 8 A chart over different exposure classes and their cement content according to Austria
standards along with typical amount of cement used. Source: Favier et al (2018) [8].

The black dots in this chart represent the minimum allowed limit of cement per cubic meter
concrete, while the bar charts represent the average amounts of cement per cubic meter that
is used with the stretched-out lines denoting the range [8]. As can be seen in the chart, there
is typically a heavy overconsumption of cement regarding minimum allowed. The level of data

to construct a diagram of this type is very detailed and shows that Austria is doing a good job
in collecting statistical data regarding the concrete industry.

2.5 Strength classes

Exposure class is not the only factor that decides the amount of cement used in concrete.
Strength classes exist within the concrete industry to make sure that the concrete can handle
the pressure it has to withstand. The strength classes are written as C12/15 where the first

number is for the characteristic cylinder strength in MPa and the second number stands for the
cube strength in MPa [33].

2.6 Water to cement ratio and setting time

The amount of water used is an important aspect of concrete as well. The water to cement
ratio (w/c) is the ratio between water and cement in concrete, and the exposure classes also

decide the maximum allowed w/c. The w/c also gives an indication on the porosity of the
concrete [34].

Additional water outside of the chemical reactions in the cement is necessary to work with the
concrete. The excess water must be dried away from the concrete, and since concrete with a
higher share of SCMs have a very tight structure this can take a long time. A common way to
solve this is by adding more cement, and therefore lowering the w/c to below 0.4 since at those
levels after a certain point of time all the water will be consumed in the cement reactions.
Particularly for flooring concrete in buildings with floor coverings of non-breathable material
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such as a plastic flooring or parquet, the amount of cement in the concrete is increased. These
types of floors are more common in public buildings since a plastic flooring is for example
beneficial where easy cleaning is a requirement, such as schools or a hospital.

The setting time is of importance in the construction business, not only for the fact that the
construction is completed faster, but there is also less possibility of external factors such as
weather to affect the concrete before it has achieved full strength [33]. As mentioned above
the setting time is also affected by the addition of SCMs in the cement. The setting time is also
affected by amount of water needed in the concrete.

2.7 Standards and regulations for cement and concrete

Cement and concrete have different standards and regulations in the EU, named EN:197-1
and EN:206-1+A1:2016 respectively. The purpose of these standards is to regulate the usage
of these components from a safety and quality perspective [23][28]. However, in addition to
these, there are also national regulations set by the authorities in each country regarding
concrete. Table 3 displays an overview of the national regulations in various European
countries for certain exposure classes, demonstrating that the differences can be quite large.
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Table 3 Areas of application of cements which is in line with the European cement standard
EN 197-1 in concrete, conforming to the concrete standard of EN 206-1 and various national
annexes [19]. Grey areas with crosses indicate that the specific cement type is allowed, while
yellow squares indicate cement types allowed with restrictions. White squares indicate
cement classes and subclasses that are not mentioned in the national regulations or

standards.
L[nl(_:_ CEM I
Cou Exposure | . | max | CEM CEMIII | CEMIV
e ciass © | Wik | kgim?| ! s PQ | vV | W T M
LS A A|lB|A B A A A |B|C| A |E
Austria XC1+XF1 - 055 | 300 | x x x| x w x Q
Belgium (X(‘Efiﬂ ) C30/37 | 050 | 320 | «x * x x| x|x|x X % x [ x|x
Coech XC1 to X04 Canar 050 300 | x x x x| x| x x X X x | x
Republic ar XF1 0.55
(XC2, XC3. o
Denmark | XC4,XF1, |C2530| 0.55 |1560%| ™ @ w W
XA1) AL !
XC3 or XC4, : v
 Finlang or XC4. | casa0| 060 |250%| x | x x |@ 5 x |
Germany | XC4 + XF1 |C258/20| 060 & 280 | x % x x| x x w x | x -_i;
c337
iroland | XC22XC4 [ axca | 085 | 320 | « x
+ XF1
laly XC1 C25/30| 060 | 300 | x x x x| x x X X x x |
XC2 + XF1 |C3240| 050 & 320 x X x x| % x x x x| x | x
Luxembourg | XC4 + XF1 |C25/30| 060 @ 280 X x x w W X
; Nethertands XC3 - 055 | 280 | x x X x
1 XCd + XF1 - 0.50 @ 300 X X X X
| Nomway | XC4 + XF1 - 060 | 250 | «x x x x
| . 080 280 | x | x x x x x x
mn. y canar K 7 —
Pa XF1"! 055 | 300 | x x x x|x|x|x x x Q Q : %
Sweden | XC4,XF1 | - | 055 | 300 | x¥ | x¥ 33 4 WD |3
Switzerland | XC4 + XF1 - 050 | 300 | x x X g
Kllmn XC34 + XF1|C28/35| 060 | 280 | x | x x x x | x
x allowed not menbioned
(%) | allowed with restrictions not atowed
Sources: [2, 9, 10]
1) Due to the complexity of the naticaal annexes, this compilation is net exhaustive and the accurate repetition of all specifications cannot be guara
2) Cements need testing

3) min filler 375 kg/m’
4) Minimum strength class 42,5

5) min ¢ = 270 kg/m’ for XC4
) Cament not approved for XCd)

7 Ondy CEM II/A-M (S-D; §-T; S-LL; O-T: D-LL; T-LL: S-P; S§-V; D-P; D-V; P-V. P-T; P-LL: V-T; V-LL) and CEM IWB-M {S-D; 5-T; D-T; 5-P; D-P; P-
PV VLT)

8) Ondy CEM IV/B (P) and vaiid only for irass according to DIN 51043, used 8s & main constituent up 1o & maximum content of 40 % (mim)
) Ony CEM VIA (S-P) 8nd CEM VI8 (S-) and vaiid only for rass according to DIN 51043
10)  Only CEM IIIA-M (S-D; §-T; S-LL; 5-V)
1) Assumption
12)  Notless than 50 mass% clinker
13)  Ondy CEM IfA-M (D-LL)

As can be seen in Table 3 there is a large variation between countries in view of requirement
and restrictions around cement classes, cement contents etc. [35]. Some noteworthy
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observations include Italy being one of few countries allowing pozzolanic cement, which is
reasonable with its large local availability of pozzolanic materials [17]. There is also a
noticeable difference in the number of cement classes allowed in Sweden compared to other
countries. Some countries like Germany and Italy are clearly ahead of the curve, since not only
do both countries have a complete set of rules for all the common cement types, but they are
also working with CEM IV and CEM V. Alongside those two countries, Portugal is the only
country that also has some rules about using these two cement classes.

3. Comparison of estimated future cement production and

consumptlon
The emission reduction goals set by countries or the UN is a good general vision to aim for but
to be able to achieve these goals each sector needs to have individual plans. Roadmaps can
be defined as a plan that is set within an industry by individual companies, organizations or by
the authorities about how to reach certain specified goals and when to achieve them. On a
worldwide basis the International Energy Agency (IEA) is a key institution in the development
towards a safe and sustainable energy supply. Originally founded to ensure a safe oil supply
in the 1970s, it has expanded to energy efficiency, sustainable energy supply and much more.
The organization investigates many of the key industries in the world regarding energy
efficiency, emission reduction possibilities and future alternatives. For the cement industry
there is a roadmap updated as late as 2018 with several goals, and how to achieve them [14].

3.1 IEA Roadmap

The IEA roadmap is based on 2 scenarios, a reference technology scenario (RTS) and a 2° C
scenario (2DS). The RTS system is based on what commitment nations currently have towards
implementing climate policies, energy consumption trends and developing existing
technologies. While this is a more realistic measurement compared to a business as usual
scenario, it still would result in an estimated temperature increase of 2.7° Celsius by 2100 and
probably keep rising after that point. The 2DS scenario projects a scenario where the
probability of staying below the 2° Celsius target is 50%, involving direct emissions reduction
by 24% to 2050 compared to 2018 and climate neutrality by 2100. Both scenarios are based
on current technologies used or in development.
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Figure 9 The projected cement production until 2050 in the world. Source: IEA (2018) [14].

As can be seen in Figure 9, the cement production in the world is expected to increase to 2050.
While the production in many of the Western countries and China has already stabilized or
going down, many developing countries are expected to increase their production drastically
where India for example is expected to triple its production until 2050. While reducing the
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emissions despite an expected production rate is a challenge there are ways to deal with it.
Table 4 displays some key figures for both scenarios although the 2DS is the more interesting
one, revealing the need for significantly more action then what is currently taken today, as well
as in comparison to the projected course in the RTS scenario.

Table 4 Key figures from the IEA roadmap scenario analysis. Source: IEA (2018) [14].

RTS 2DS

2014 |2030 [2040 [2050 [2030 [2040 [2050
E:N'Ttr/';f;'t FEC G 4171  |4250 |4429 |4682 |4250 |4429 |4682

Clinker to cement ratio |[0.65 0.66 0.67 0.66 0.64 0.63 0.6

Thermal energy

intensity of clinker (GJ/t | 3.5 3.4 3.3 3.2 3.3 3.2 3.1
clinker)

Electricity intensity of

cement (KWh/t cement) o1 89 86 82 87 83 79
Alternative fuel usage |5 g 109 |14.4 (175 [175 |251 |30
(% of thermal energy)

Captured CO; (Mt/yr) - 7 65 83 14 173 552
Direct process CO;

TIErEis) & GemEr 034 (034 034 |033 (033 |03 0.24

(tCO2/t cement)

Direct energy related

CO: intensity of cement | 2 0.19 0.18 0.17 0.19 0.16 0.13
(tCO2/t cement)

A common target is climate neutrality by 2045 or 2050, why it is worth noticing that the IEA
report sets the climate neutral target to 2100. The IEA report also describes another scenario
called Beyond the 2° Celsius target (B2DS), based on climate targets of the world having been
set to more ambitious levels in more recent years. From the 2° Celsius target in the 2DS
scenario, the ambition in the B2DS scenario is set to well below 2° Celsius and making efforts
towards 1,5° Celsius. Nonetheless, the report stresses the difficulties of achieving emission
reductions even in line with the 2DS scenario highlighting aspects such as access to renewable
fuels for the kilns, low ambition levels in policies and slow technology development of CCS
[14]. It is stated that these aspects make the possibilities for the cement and concrete industry
to achieve more ambitious goals even harder.

3.2 Swedish roadmaps

The building construction sector is a sector where a lot of concrete is used and the National
Board of Housing Building and Planning (Boverket) estimates that about 18% of Swedish CO-
emission stems from this sector [36]. The Swedish construction and civil engineering sector
have in its ‘Roadmap for fossil free competitiveness’ set itself a goal of 50% reduction in CO»
emissions in 2030 compared to 2015. Until 2022 the goal is that actors within the sector should
have mapped their emissions and created climate reduction goals while for 2025, the goal is
that a clear emissions reduction trend should be presented [24]. The building construction
sector however, does not yet have the same demands when it comes to climate declarations
as Trafikverket has, which is the described in the following section. Boverket was given the
task by the government in the fall of 2017 to come up with suggestions of how a climate
declaration for the construction of a building should be developed [36]. From this task, the
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government has of the intention to implement a law of climate declarations for the building
sector from the 1% of January 2022 [37].

In Sweden, the Swedish Transport Administration (Trafikverket) has set a goal to have climate
neutral infrastructure by 2045. To achieve this goal, the authority has set intermediary goals of
15% reduction in 2020 and 30% reduction in 2025 compared to 2015 levels. Even if
construction of transport infrastructure contains more emission sources then just cement and
concrete, they account for 43% of the total emissions, as demonstrated in Figure 10.

INVESTMENT PROJECTS AND THEIR CLIMATE IMPACT

Explosives Others

Asphalt

Reinforcement
steel

Concrete

Construction steel

Figure 10 Climate impact associated with construction of transport infrastructure. Source:
Trafikverket (2018) [38].

The Swedish Transport Administration puts several demands on future projects as to reach
the overall emission reduction goals. For projects over 50 million SEK, there are associated
climate targets and mandatory to provide environmental product declarations (EPDs) of
individual materials used in the project, along with requirements for a final climate declaration
of the project to show that the demands in the contract have been achieved. Financial
bonuses can be awarded in the contract. If the required climate impact reductions are not
met the contractor will receive a fine [38]. Specific material requirements are also assigned to
projects below 50 million SEK, as shown in Table 5.

Table 5 Specific material climate impact requirements for smaller infrastructure construction
projects under 50 million SEK for the next decade. Source: Trafikverket and Svensk Betong
(2018) [38][39].

Average value of
cement (2018) 2020-2024 2025-2029
0.88 kg CO; eqg/kg |=<0.7 kg CO; eg/kg < 0.62 kg CO2 eqg/kg
Cement cement cement cement
25% reduction of CO2 | 35% reduction of CO>
eq, shown through eq, shown through
Concrete EPD Type lll EPD Type llI
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3.3 Cementa roadmap

Cementa is as mentioned before the only producer of cement in Sweden. Cementa has
presented a roadmap containing the measures depicted in Figure 11 towards reaching climate
neutral cements.

kg CO,/tonnes cement

1000
900
——| Energy efficiency
800
200 Biofuel
600 Clinker content
500
Carbonisation
400
300
200
100

1]
1990 1994 1998 2002 2006 2010 2014 2018 2022 2026 2030

Figure 11 Cementa roadmap for reaching climate neutral cement. Source: Cementa (2018)
[40].

As can be seen in Figure 11 most of these suggested changes relies on mitigation outside of
the process reaction, including methods such as CCS, change of fuel and carbonation. While
Cementa plans to remove a large share of its emissions with CCS as soon as 2030, CCS
technologies to date have only been tested in pilot facilities [40]. Investigations done recently
have signaled that the prices in the EU ETS system is too low to drive the technology
development of CCS forward during the period of 2020-2030 since it is cheaper to buy
emission allowances [18]. The roadmap demonstrates a clear request for government support
for deployment of CCS. According to the roadmap, a share of 50% alternative fuels was used
already in 2016, which means that the potential for future emission reduction from fuel
substitution is somewhat limited and there are also supply issues with alternative fuels,
including biofuels [40]. In addition to the roadmap, Cementa is pursuing a project called
CemZero, which investigates the possibility to replace most of the thermal heat used today for
the process with electricity [40]. As Cementa mention themselves this requires not only
sufficient amount of green electricity in the market which is a challenge in itself, but also a
stable price market for electricity to keep the cement price competitive on the market [40].
While a share of the mitigation is related to new cement products, the roadmap does not
specify what these are or in what timeframe these are expected to be on the market. These
omissions create uncertainty, particularly combined with the fact that current SCM supply is
dwindling and dependent on imports.

4. Data oversight
While the primary focus of the thesis is on the cement and material flow of Sweden, it is still
important to compare with data available on a European level and the performance suggested
by this data, as to measure where Sweden stands. Further, many of the assumptions relies on
a British study [15], why an additional comparison is done for the UK. Many data points would
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be interesting for this thesis, but to get an overview the list has been narrowed down to a few
categories that illustrate basic but vital data. The data points were thus chosen to illustrate
differences both in data availability and the levels of performance that different countries have
achieved. The comparisons are primarily based on data from the European Ready-Mix
Concrete Organization (ERMCO), which distribute statistical report on a yearly basis with a
with a high level of detail, along with data from Cembureau (the European Cement
Association), ETH Zurich and Shanks et al. [41][8][15].

As previously mentioned, Sweden lacks a lot of current statistical, shown by the date of the
most recent data in Fel! Ogiltig sjalvreferens i bokmaérke. . Sweden is missing data in many
categories in the ERMCO reporting since 2012, while the reason for this data gap is unclear.
The same trend seems to apply to the reports made by Cembureau, which usually contain
more details [41].

Table 6 Data overview of available data describing cement and concrete production and use
in Sweden [42][41][18].

Cement data | Sweden
Latest data | Year of Data for Reference

latest reference

available year 2015 (if

data available)
Total cement | 2.8 Mton 2016 2.3 Mton ERMCO
consumption
Domestically | 85% 2016 Swedish
produced Energy
cement Agency
Binder 386 kg/m? 2012 ERMCO
intensity
Cement 86% 2016 86% Cementa
clinker share environmental

data

Main SCM Fly Ash 2012 ERMCO
Cement to 55% 2012 ERMCO
ready mix Cembureau
concrete
Cement to 33% 2012 Cembureau
precast Johnsson,
concrete Rootzén 2017
Cement to 12% 2012 Cembureau
mortar
screed and
render

Outdated data make comparisons for a specific year difficult, as well as prohibiting analysis
into performance over time. Some additional data on concrete used is available via The
Swedish Concrete Association, Svensk Betong, which collects data on the total concrete
volume produced domestically along with the split between buildings and infrastructure, as
displayed in Fel! Ogiltig sjalvreferens i bokmarke..
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Table 7 Data from Svensk Betong regarding domestically produced concrete [25].

Year 2018 Infrastructure Buildings
Share of concrete 25% 75%
Volumes (m?®) 1,660,000 4,879,000

For the year 2015, a more detailed split of Swedish concrete use is provided in a report from
ETH Zurich, shown in Table 8. The value on infrastructure in this split deviates somewhat from
the data from Svensk Betong for the same year which was 24% [25].

Table 8. Data for the share of concrete use in Sweden 2015. Source: Favier et al, 2018 [8].

Category Percentage of end use (2015)
Non-Residential buildings 45%

Residential buildings 23%

Infrastructure 28%

Repair and maintenance 4%

In addition to this, the Swedish Energy Agency stated in a report 2018 that around 15% of the
cement used in Sweden is imported [42].

The UK has a higher level of availability when it comes to statistics, which is illustrated in Fel!
Ogiltig sjalvreferens i bokmarke.. This overview is partly based on a recent detailed analysis
on the UK cement flow with the results also displayed in Figure 12.

Table 9 Data overview of available data in the UK [15][41]. MSR is Mortar, Screed and Render

Cement data | UK
Latest data | Year of Data for Reference
latest data reference
year 2015 (if
available)
Total cement | 9.4 Mton 2016 9.4 Mton ERMCO
consumption Shanks et al,
2019
Domestically | 85% 2014 Shanks et al,
produced 2019
cement
Binder 330 kg/m3 2012 330kg/m? ERMCO
intensity Shanks et al,
2019
Cement 79% Shanks et al,
clinker share 2019
Main SCM GGBFS 2016 GGBFS ERMCO
Shanks et al,
2019
Cement to 65% 2016 65% ERMCO
ready mix Shanks et al,
concrete 2019
Cement to 22% 2014 Shanks et al,
precast 2019
concrete
Cement to 15% 2014 Shanks et al,
MSR 2019
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Figure 12 Flowchart of cement in the UK. [15]
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Table 10 Data overview of available data describing cement and concrete production and use
in the EU. Sources: Favier et al (2018), ERMCO (2019)[8][41].

Cement data | Europe
Latest data | Year of Data for Reference
latest data reference
year 2015 (if
available)
Total cement | 129 Mton 2016 129/150/167 | ERMCO
consumption Mton* ETH Zurich,
2019
Material
Economics,
2019
Binder 317 kg/m?® 2012 317kg/m? ERMCO
intensity
Cement 73% 2016 73% ETH Zurich,
clinker share 2019
Cement to 50% 2016 48% ERMCO
ready mix ETH Zurich,
concrete 2019
Material
Economics,
2019
Cement to 28% ETH Zurich,
precast 2019
concrete Material
Economics,
2019
Cement to 24% ETH Zurich,
mortar 2019
screed and Material
render Economics,
2019

The EU dataset in general much better updated but one can also read from the values of the
data that a lot of countries are ahead of Sweden when it comes to environmental performance
regarding the cement and concrete. The average for important environmental performance
indicators is lower in Europe compared to Sweden, with average binder intensity of 398 kg/m?
concrete in Sweden compared to 317 kg/m? concrete in Europe (20% lower) and an average
cement clinker share of 73% in Europe compared to 86% in Sweden.

5. Method

This section describes the procedure of this thesis, starting with a literature overview to gather
knowledge about the current status of the market and acquire data. Based on this information
a suitable analysis method was chosen, which in this case was material flow analysis. With the
limited amount of available data, the estimated provided here relies on several assumptions
and approximations. The idea has been to show what kind of analysis work that could be done
and accomplished if the industry had good statistical data. Five scenarios were created with
different changes to illustrate the potential of emission savings with various methods related
to material usage.
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5.1 Literature study

The literature study identified the current knowledge level that exists about both end-uses of
cement, identifying a large gap in data availability, with limited easily accessible data. This lack
of data precluded a detailed analysis of the material flows of cement and concrete in Sweden.

The focus of the literature study thus shifted towards other data sources and studies done on
an international level to see if there was any available data or similar studies done for other
countries.

Obtaining an overview of the cement flow through the society is a prerequisite to succeed in
the project of illustrating potential emissions savings from abatement measures linked to the
material flow. A detailed material flow provides the ability to pinpoint how much specific
changes in every area of the end use of cement affects the emissions from the industry. While
the lack of data has precluded the conduction of a comprehensive current analysis from
product to end use of cement flow in Sweden, the data that has been retrieved on the domestic
as well as international level, enables the creation of an approximate material flow of
cementitious materials in Sweden. This breakdown was developed by using material flow
analysis.

5.2 Material Flow Analysis

Material flow analysis (MFA) is a tool for the measurement and prediction of environmental
pressures from the use of materials in an economy [43]. As much detailed data as possible is
gathered to do a map of the material flow from raw material to different end use areas. The
scope of a MFA is usually confined to a specific geographic region or economy. In this case
this method is applied to the flow of cement in Sweden. The method aims to give a system
wide understanding and has emerged as the primary methodological framework within flow
accounting approaches as it offers the greatest scope of application for environmental
accounting and systems analysis.

An important step within material flow analysis is to set the system boundary. In this case it will
be based on cement-based products used in Sweden. Imported cement is included in the
model, while imported concrete, mortar, screed and renders are excluded from the study due
to having no reliable way to estimate this with current publicly available data.

The level of analysis adopted in the model for this study is similar to the one used in a report
by Shanks et al., which details the cement material flow in the UK [15]. A map over the material
flow is created by combining known data with estimations for the material flow. With the help
of different cement types (as described in the next section), it is possible to convert the
concrete volume flow into a mass flow for cement and create a map of the mass flow.

The study focuses on dividing buildings into non-residential and residential buildings followed
by a deeper split in the non-residential category to distinguish that there are differences
between many of the application areas. While there are of course differences between single-
and multi-family housing for residential buildings, most concrete is used in multi-family
buildings (in addition to adding another layer of uncertainty, why this is not considered).

5.3 Assumptions and data used

This study uses various methods of approximation to represent current use of cement and
concrete using available data and making assumptions to work around them with support of
comparisons to the more detailed data that is available for other countries, particularly the UK.

Even though there is a general lack of data, a report written by Svensk Betong gives
estimations on standard cement composure for certain building categories, which can be seen
in Table 11.
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Table 11. Different concrete types used in buildings and roads depending on application.
Source: Svensk betong [39].

Inside of a house Components with a drying demand and 85% X0, ¥C1 500 kg CEM I 365
relative humidity.
Components with drying demand and 90% XD, XC1 420 kg CEM I 305
relative humidity

Inside of a house, without demands on Part of ground floors, walls of outer walls X0, XC1 350 kg CEM NI 255

drying or hardening which are outside the isolation.

Ground and foundation COn depths were no freezing occurs below X 350 kg CEM NI 255
the ground water level.
Where freezing occurs regardless if above or XC3, XC4, XF3 370 kg CEM I 270
below the ground water levels.

Outside of a house, without salt Outer walls, balcony ete. HC3, ¥C4, XF3 370 kg CEM I 270

Outside of a house, with exposure to salts. Parking garages, stairs outside, outer walls ~ XD3 470 kg CEM I 340
in coastal areas.

Construction cutside, exposed to both Roads, bridges or close to sea water. H4F, ¥53, XD3 420 kg CEM 1 385

salts and freezing.

For the applications using CEM Il cements in Table 11, Svensk Betong reports a reference
corresponding to a 50-50 mixture of CEM II/A-V and CEM II/A-LL, meaning a combination of
fly ash and limestone-based cement. Table 12 displays the assumptions regarding clinker
levels for the different cement types.

Table 12 Assumptions made for the cements used to model the current material flow [23][32].

Cement type

SCM Share

Minor additional
constituents

Chosen levels for
this project

according to EN-
197-1.

CEM Il/A-V 6-20% Fly ash 0-5% allowed For the CEM Il the
according to EN- according to EN- levels were set to
197-1. 197-1. 13% SCMs and 5%

CEM II/A-LL 6-20% Limestone 0-5% allowed smaller components,
according to EN- according to EN- which means a
197-1 197-1. clinker share of

82%.
CEM | None allowed. 0-5% allowed 95% clinker and 5%

smaller components
was chosen for the
CEM I.

To be able to use these numbers there is a need for a more detailed approximation regarding
the split between infrastructures and buildings for concrete. For this approximation, the study
by Shanks et al was used as proxy [15]. While this study is pertain to the UK, it is perceived to
be similar enough to use as the main basis for the approximations on the split between
concrete for residential and non-residential buildings alongside data published by Favier et
al.[8], from which the share of concrete use for repair and maintenance is also sourced. With
the numbers from both the Shanks and the Favier report, the approximation for the Swedish
cement material flow is set according to Fel! Hittar inte referenskalla.Table 13 and Table 14
for the year 2018.
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Table 13 Assumed shares for the main categories of concrete use in different applications in
Sweden.

Category Percent of end use (2018)
Non-Residential 43

Residential 28

Infrastructure 25

Repair and maintenance 4

Table 14. Assumptions for the split of concrete use for non-residential applications.

Categories Subcategories Share (%) Sub share (%)

Agriculture 14

Industry 26

Public Buildings 11
Inner Walls 35
Foundations and slabs 50
Outer walls, balconies 15
etc.

Commercial Buildings 42
Inner Walls 35
Foundations and slabs 50
Outer walls, balconies 15
etc.

Others 7

Table 15Fel! Hittar inte referenskalla. and

Table 16 detail non-residential and residential applications of cement-based products with
respective concrete and cement type choices from Table 11, as well as the basis of the
assumptions. The subcategories of residential buildings have the same split as subcategories
of non-residential buildings according to Table 14Fel! Hittar inte referenskélla..

Table 15 Assumptions for the different categories chosen and which report or data they are
based on.

Non-Residential Subcategories Concrete type Assumptions based
buildings on
Agriculture Exposure to salts |[15]

and aggressive
environment,
which means a
need for resistant
concrete.
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Table 16 Assumptions for the different categories chosen and which report or data they are
based on.

5.4 Approximation model

The aim of the approximation model is to establish data from various different subcategories
as listed in Fel! Hittar inte referenskalla. and Fel! Hittar inte referenskalla. to see how much
each category is contributing to the total cement flow in Swedish society to enable the
extraction of representative parameters, which can be compared with available data. Five
parameters are extracted as listed in Table 17, with their calculation and implication described
in detail in the next section.

Table 17 The parameters of interest to obtain from the approximation of the cement flow.

Total emissions
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Total binder flow in concrete: Cement clinker plus other binders such as fly ash, limestone
and GGBFS in concrete applications. Equation 1 describes how this values are calculated.
The values for the concrete volumes is taken from Table 7 combined with the respective shares
from Table 13Fel! Hittar inte referenskalla. and Table 14. Binder content values are taken
from Table 11 (for the base case scenario).

k
Concrete Volume (m3) = Binder Content (m_g?’) = Binder Flow (kg) (1)

Total binder flow: Same as above but with inclusion of mortar, screen and renders. Calculated
in the same way as Equation 1 but adding the non-concrete cement products as well.

Total cement clinker flow in concrete: Amount of cement clinker in concrete. This value is
calculated in a very similar way as the binder flow, using the clinker content instead of the total
binder content. The clinker content for the base case is calculated from the assumptions made
in Table 15Fel! Hittar inte referenskéalla. multiplied with the binder content values in Table
11.

k
Concrete Volume (m?3) * Clinker Content (m—i) = Clinker Flow (kg) (2)

Total emissions: Calculated according to Equation 3 based on the emission factors listed in
Table 11 and the concrete volume for each application.

k
Concrete Volume (m3) x Emission Factor (m_g3) = Emissions (kg) (3)

Average binder content in concrete: Average amount of binder (cement clinker plus other
binders such as fly ash, limestone and GGBFS) per m® concrete. The average binder content
is calculated from the total binder flow divided by the total concrete volume in Table 7.
Binder Flow (kg)
Concrete Volume (m3)

k
= Average Binder Content (m—g3) 4
Average clinker share in concrete: Average content cement clinker in concrete. This value
is calculated from the result in the respective scenarios listed in the chapter below.

Clinker Flow (kg)
Binder Flow (kg)

= Average clinker content (%) (5)

5.5 Scenarios

The goal of the thesis is to present a constructed map of the material flow and alongside that
show the effects of different implementations of emissions abatement measures within the use
of cement. Scenario analysis is a tool used among others to determine expected ranges of
emission reduction of any given management option [45]. Therefore a few different scenarios
are constructed within this study to show the effects that certain changes have on overall
numbers, such as cement use and emissions. All scenarios are constructed from the
perspective of material substitution and what could be made with alternatives that exists today.
This means that all the scenarios have the same volumes of end use products.

For scenarios other than the base case, different types of cement products have been used as
references. Some are existing products and others are theoretical values in cases where an
improved product compared to the base case does not exist on the market. The shortenings

30



in the parenthesis next to the scenario names are the shortened versions to fit in the result
diagrams.

5.5.1 Scenario 1 — Base case

This case is the construction of the flow map as per the approximated cement use in Swedish
society today, calculated with the data and assumptions described in the previous section
using the cement values and types described as references by Svensk Betong as per Table
11.

5.5.2 Scenario 2 — Reduced drying demand (Small change)

A high pace of construction in Sweden have led to highly set drying requirements for certain
applications, particularly flooring. This implies a use of concretes with a high cement content.
This scenario explores what a single change in one of the major categories can do for overall
material use and associated emissions. The scenario adopts a reduction in drying demand for
slab and foundations concrete from a requirement of 85% to 90% relative humidity, which
replaces the concrete types in the base case with concretes with lower binder intensity for
interior applications.

5.5.3 Scenario 3 — Reduced binder intensity (Red bind)

This scenario adopts an optimization of the level of binders used in the cement-based products
across all end-use applications. This approach means that the same cement type that is
currently modelled in the base case is used, while the overall amount of cement used is
reduced. Compared to Scenario 1, this scenario is using concrete with the lowest binder
intensity found on the market combined with estimations in the report from Favier et al [8].

5.5.4 Scenario 4 — Using CEM Il with a higher SCM share (CEM II)

According to Svensk Betong, many areas of application use cements with SCMs (CEM II)
already today. However, as is shown in the section about different cement types there are a
lot of variations for CEM II. This scenario shows the effects of using versions of CEM Il with a
higher level of SCMs across all end-use applications.

5.5.5 Scenario 5 — Application of CEM Il (CEM III)

As shown in the cement type section (cf. Table 1), CEM lll has higher share of SCMs compared
to CEM II. This scenario keeps the same binder intensity as the base case but explores the
effects of increasing the share of SCMs. While this scenario might not be fully realistic in
practical application, it shows the potential effect of SCMs alone.

5.5.6 Scenario 6 — Current best in practice (BIP)

For this scenario the market has been viewed for different types of cement products that exists
today and put together the best possible combination of existing products. In the areas where
newer improved cement sorts are not available, various reports have been studied to find what
numbers could be realistic in the relatively close future.

6. Results

6.1 Validation of base case

To validate the approximation of current cement flow, a comparison was made with the latest
available data presented by Cementa and ERMCO (2016 data). Although the approximation
model was based on 2018 years values, concrete volumes are adjusted to account for this
variation. Table 18 displays the values used for the validation.
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Table 18 Comparison between official production statistics from Cementa, ERMCO statistics
and the approximation model estimates. *The binder content comparison values from ERMCO
is from the year 2012 [41][46][47].

Total Binder

cement Content

use CO: Emissions | Clinker (kg/m?3)
Year 2016 (kt/year) | (kt/year) share (%)
Cementa Environmental data 2500 2100 86 -
ERMCO Statistics 2016 2800 - - 398*
Approximation model 2829 1975 86 422
Boverket/Naturvardsverket 420
(2019) - - -

The difference between the cement use in the approximation model and the Cementa
production is explained by the fact that several concrete manufacturers also use imported
cement in their production, accounting for around 15% of cement use in 2018 according to the
Swedish Energy Agency [42]. The similarity between approximation model and the ERMCO
statistics would point to the overall cement flow being accurate. In addition, the model seems
to work well for approximating the clinker share. The reason for emission levels being lower in
the approximation model than according to Cementa figures, can be due to the reference types
from Table 11 having lower emission factors (different associated cement types) than the real
products used in respective categories, which is also indicated in recent analysis on the
emissions status of the Swedish construction industry [47]. One interesting thing to note is both
according to a recent report from Boverket and Naturvardsverket the binder content has gone
up since the last data available from the ERMCO statistics from 2012, the approximation model
also displayed a very similar number.

6.2 Base case cement flow

The base case scenario is a detailed approximation of the cement flow within the major usage
areas. The mass flow of cement within the different categories is presented as a Sankey
diagram in Figure 13.
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Figure 13 Mass flow of cement in Sweden for the Base case. Yellow lines represent cement that are used in concrete, the pink lines represent
non-concrete applications of cement such as mortar, screed and renders.
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The Sankey diagram is divided in the four main categories and respective subcategories that
were listed in Table 13 and Table 14Fel! Hittar inte referenskalla.. The yellow mass flow
represents cement that are used in concrete, the pink lines represents non-concrete
applications of cement such as mortar, screed and renders. The results for the base case
scenario for the parameters described in Table 17 are listed in Table 19.

Table 19 Results from the base case for the year 2018.

Total binder flow 3187 kt
Total cement clinker flow (in

concrete) 2368 kt
Total emissions 2225 kt
Average binder content 422 kg/m?
Average clinker content 85.8 %

6.3 Scenario comparisons

Figure 14 to Figure 17 exhibit the results of the different scenarios compared to the base case
of current material flow.

Binder Flow (kt)

1. Base case 2. Small 3. Red bind 4. CEM II 5. CEM llI 6. BIP
change

Figure 14. Binder flow data from the scenarios.

As can be seen in the graph, Scenario 3 has the lowest flow of binder produced which is not
surprising since reducing the binder intensity was the primary goal of that scenario (11% lower
than the base case scenario). Scenario 6 is however not far behind despite only using cement
products that currently exist on the market.

The average binder content is also an important aspect in reducing the cement clinker use
(and associated emissions), as per Figure 15. Even if Sweden has no recorded data on this
indicator since 2012 according to ERMCO statistics, it is still useful to compare the scenarios
to the European average of the latest released data [41].
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Average binder content (kg/m3)

1.Basecase 2.Small 3.Redbind 4.CEMII 5.CEMIII 6. BIP Europe
change

Figure 15 Results for average binder content for scenarios plus comparison with the European
average.

Similar trends for the scenarios as for the binder flow are exhibited for the average binder
content, which is expected since the average binder content is a function of how much cement
is used. Interesting to note here is how much lower the average binder content is in the
European average. According to ERMCO the average binder content in 2016 was 317 kg/m?®
which is 16% lower than the binder content estimated for Scenario 3 [41].

Reduction of the clinker share is another way to reduce the emission levels, with the results
on clinker share from the different scenarios illustrated in Figure 16.

Average clinker share (%)

1.Basecase 2.Small 3.Redbind 4.CEMII 5.CEMII 6. BIP
change

Figure 16 Results for average clinker share for scenarios plus comparison with the European
average.

The reason the first 2 scenarios are basically unchanged compared to the base case is that
the focus was on reducing the binder intensity in categories rather than changing the type of
cement that was used. The other results are as expected, scenario 4 was based on using CEM
Il with lower clinker share, scenario 5 was based on using CEM Il everywhere. It can also be
noted that scenario 6, the best in practice scenario still is higher than the average in Europe.
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The scenario analysis also shows the extent of CO; emission reductions from different kind of
abatement measures, where Figure 17 illustrates the resulting yearly emissions from cement
used in the Swedish market for the different scenarios.

Emissions (kt CO,)

1. Base case 2. Small 3. Red bind 4. CEM Il 5.CEM llI 6. BIP
change

Figure 17 Annual resulting CO, emissions for cement production for the assessed scenarios.

As scenario 5 shows, the ideal abatement measure would be to be able to remove as much
clinker as possible, but as stated in the scenario description this scenario is not seen a fully
realistic in practice with today’s SCMs. While Scenario 3 had the lowest material flow out of
the scenarios, it is still far from the best scenario in terms of CO, emissions reduction. Scenario
6 on the other hand shows that a mix of the different solutions is one of the better solutions.
This shows the importance of data gathering and working on several different solutions to
achieve the best possible emission reduction.

7. Discussion

Measures to optimize the amount of cement used in concrete and to ensure that the right type
of concrete is used in the right place could contribute to significantly reducing the overall
climate impact from cement and concrete use. This work has been a first attempt to map the
end use of cement in Sweden, implying a need to gather specific data, ranging from the type
of cement that are produced by cement manufacturers, which exposure classes are used and
where, to which type of cements are used in what type of construction projects to get a better
picture of potential replacements. The cement ratio in the different exposure classes and uses
would also be needed to analyze over-specification of cement compared to standards. As
previously described however, there are a lot of data gaps in these areas and within the time
limit of thesis it was only possible to scratch the surface.

The difficulty in data collection has several reasons:

e Lack of data — Existing statistical reports from industry associations providing an
overview of concrete use in Europe is incomplete with inconsistent data from year to
year, with evidence of several years between a complete set of data found for a single
year in Sweden. Data may also be lacking since there previously has been no reason
to keep detailed records [41].

o Difficulty to obtain specific data — With a single manufacturer of cement in Sweden,
confidentiality and sensitivity of information is another issue. On the other hand, while
the concrete and construction industry are intertwined, they are two different industries,
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which instead poses challenges of obtaining enough quality data for the industry and
the material uses to be accurately portrayed.

¢ Imported cement and concrete — Roughly 15% of the cement used is imported and
concrete imports, particularly of precast elements are on the increase. This means that
it is difficult to obtain direct data from cement or concrete manufacturers.

Filling the data gaps will be a challenge, and the data would be needed to be reported, quality
assured and stored in a manner to be able to convert it into a statistical database useful for
analysis purposes. Providing a better overview and more detailed data would require
cooperation from most of the actors involved in the supply and use of cement and concrete.

A major challenge for the approximation model developed in this work was the description of
the non-concrete based cement applications since no data was available describing annual
production. Therefore, the estimates of mortar, screed and render applications are assumed
to be used in the same quantities in terms of total percentage of cement material flow as in the
UK. During this study, contact was made with SPEF (the Business Association for mortar and
plaster construction) in the efforts of acquiring data. While there was no data available, SPEF
expressed an interest in better knowledge about how much is produced among their members
annually. Even if it is not the main share of cement use, it is still large enough to be relevant
for calculating emissions from the cement sector. Because of the lack of data, it was also
difficult to estimate what reductions could be done for this share, hence the scenario results
for this category depends on the total cement production just as the base case scenario did.

Consequently, the results section of this study focused the binder intensity for the concrete
based cement applications.

The approximation model is based on data describing domestically produced concrete, which
means that cement which is imported in predominantly prefab concrete blocks is not accounted
for in this approximation. No data on concrete imports is available in public and it is also unclear
how much data that companies collect on imported products. As of today, there seems to be
no obligation to report or keep statistics on these matters.

The importance of using SCMs are clear from the results of this study (cf. Figure 17). Even
though scenario 3 which focuses on reducing the binder intensity has the lowest material flow
(cf. Figure 15), it is still far behind the Best in Practice scenario (Scenario 6) in terms of CO;
emission reduction. However, as discussed in the 2.1 SCM overview section, the problem with
SCMs is the limited and diminishing supply. Sweden also faces another difficulty in this area
since the domestic production of both fly ash and GGBFS is very low and projected to be even
lower in the future. As can be seen in Figure 5, Sweden also seems to have a lack of suitable
clays, although this image could be the result of lack of data since there seem to be available
deposits in every other country except Finland. This could mean that if Sweden are going to
keep producing the same type of cement it will most likely be dependent on importing SCMs
or raw materials to such binders.

The scenario analysis gives an indication of the emissions reduction potential for abatement
measures related to optimizing the amount of cement used in concrete. Scenario 6, current
Best in Practice, would lower emissions by approximately 33% compared to today’s levels.
However, these measures are far from being implemented on a large scale, and thus a lot of
work remains if Sweden are to achieve net zero carbon emissions in 2045.

In addition to reducing the use of cement clinker, it will be important to reduce the CO-
emissions from the primary production of cement. This would include efforts to switch fuel (or
energy carrier) and/or invest in carbon capture and storage in the cement industry. As of today,
Cementa is doing a research project together with electricity producer Vattenfall regarding
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electrification of the cement clinker process [40]. This would however bring the challenge of
having enough green electricity produced, since many different industries are looking at
electrification as a solution for fuel related emissions in their industry processes.

8. Conclusions

The main goal of this thesis is to construct an overview of the cement material flow in the
Swedish society and mapping the end uses of cement. While there are many challenges
associated with reducing CO2 emissions within the cement and concrete industry, it is even
more difficult to start if there is a lack of data describing the current situation. As it was not
possible to create values and scenarios based on real data, this study gathered existing and
similar data from recent studies and reports and developed an approximation model of cement
material flow in society around this data. While gathering the limited available Swedish data,
this study also looked abroad to see if similar studies had been made in other countries. The
only comprehensive cement material flow study available was a study from the UK which
means that even if more data is available in other countries, few have attempted to do a
comprehensive study of a national cement material flow with detailed category splits [15].

This thesis has shown that there are several different ways depict a cement material flow and
achievable emissions reductions, as the model created in this thesis was based on relatively
gross data and yet managed to create an accurate representation of some major end-use
categories. If the approach developed in this work can be complemented with more detailed
data, it would also be possible to setup models with a more detailed perspective.

As mentioned, the supply of the most common SCMs today will be lower in the future, which
means that other solutions need to be developed. However, currently available SCMs will still
play an important role for the foreseeable future. It is important for the industry to both have a
short term and long-term plan for emission reductions. Cementa seems to heavily rely on CCS
to reduce the emissions in the long-term plan. While CCS is indeed likely to play an important
role if to significantly reducing CO. emissions, it would be appropriate to consider alternative
measures since there is yet to be any full-scale industrial CCS facilities in view of the limited
incentives posed by the low prices of emissions rights within the EU emission trading scheme.

Cementa aims to be carbon neutral by 2030, but achieving this goal appears somewhat
unlikely due to the reasons listed above. It would thus be advisable and complementary for the
concrete and construction industry to also have a plan to reduce the material intensity as a
means to achieve carbon emissions reductions.

Further, Cementa was previously denied expanding their limestone mining on Gotland,
Sweden where the largest of their two factories are located. Although in early 2020 their
expansion plans were approved, it was limited to 20 years and it contained clauses around
possible ecosystem damage [21]. This would imply that the industry in the longer-term might
not being able to produce the amount of concrete needed in society with the traditional
materials used today. The demand for concrete could increase in line with a growing population
and associated demand for new residences.

Sweden faces another challenge (cf. Table 3), as there are conservative rules which limits the
reduction of material usage, levels of SCMs and use of SCMs other than fly ash and GGBFS.
Further, while current binder intensity in Sweden is very high at 422 kg binder/m® concrete,
there is no real reason that Sweden should not be able to achieve the same results as other
countries in Europe with the average EU binder intensity being 317 kg/m? at current. Sweden
also has a much higher clinker share then the average EU country with 86% compared to the
European average of 73%. Consequently, as shown in this thesis, Sweden has a lot of
improvement potential in various areas. Even greater potential for improvement is found when
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also taking account of design optimization towards reduced use of concrete, which has not
been touched upon in this thesis.

The need for continued work is manifold, with one main topic being to get accurate data from
the mortar, screed and render businesses to allow for a more detailed material flow. There is
also a need to develop and make available more advanced statistics from the concrete
industry, related to both end-uses, binder intensity and cement types used in various
applications. This would be necessary to be able to analyze the usage (and potential over-
usage) of cement and cement clinker in constructions and how to reduce both the cement use,
the cement clinker use and the associated CO, emissions.
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