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ENGLISH SUMMARY
Background
Environmental deterioration has increasingly been recognized by policy makers and
researchers as a pressing matter in most societies. The ratification of the 2015 Paris
Agreement by 179 parties, which seeks to limit greenhouse gas (GHG) emissions from
man-made activities, shows an unprecedented international effort in addressing the
issue of global warming. Committed political agendas pressure energy-intensive
industries in both emerging and developed economies to reduce their environmental
footprint and thereby concur with the objectives set in the Paris Agreement.
Cement production, which roughly consists in producing clinker from the calcination
of limestone at high temperature to be then blended with gypsum, is one such energyintensive manufacturing activity. The cement industry has largely developed over the
past 100 years as concrete became the single most used building material in the world.
The cement industry is needed to offer affordable and durable housing solutions to
increasing demographics. In parallel to this development, cement production is
associated with 8% of the world’s carbon dioxide emissions, making it one of the most
carbon-intensive activities and primary contributors to global warming. Therefore,
governments and international institutions have made an increasing number of
decisions to incentivize the cement industry into adopting measures to increase its
resource and environmental efficiency.
While the cement industry has developed such efforts to reduce its environmental
footprint, it has generally focused on on-site emissions. However, investigations have
shown that well-intended efforts to reduce on-site emissions without a system-wide
understanding that includes economic and market relations around resources and
production may result in distant and indirect impacts. This is particularly relevant to
cement manufacturers because the impacts mitigation plan of the industry heavily
relies on the use of residual products, also called by-products, unintendedly produced
by other industrial processes. These by-products are constrained in supply and may
be widely reused by other industries. Hence, the cement industry needs to ensure that
any investment decisions made regarding the use and distribution of by-products do
not have undesired effects somewhere else in the economy.
Through the case of Aalborg Portland, this study first explores opportunities for an
energy-intensive industry in Denmark to decouple its operations from direct harmful
emissions. The measurement of activity levels traditionally entails the amount of
cement produced, and this leads to environmental indicators such as the amount of
GHG emitted per ton of cement. That indicator is considered alongside the quality of
the product: an indicator expressing the amount of GHG per Mpa of 28-day strength
is therefore proposed, as it relates the global warming impacts associated with the
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production of cement to the compressive strength reached by the cement mixture 28
days after hydration. Then, the study provides guidelines to reach those emissionreduction targets through the use and distribution of by-products while keeping
environmental impacts beyond the factory gates to a minimum. The models cover in
particular the following by-products: the sourcing and use of combustible waste and
coal fly ash as well as the distribution of excess heat from the clinker production
process. Additionally, the contribution of wind power in reducing the GHG emissions
of electricity is analyzed. Methods to further reduce the environmental footprint
associated with the electricity supply are then presented. Finally, the effects of
national production capacity and trade preferences on the environmental footprint of
the product distribution are investigated via the modeling of marginal supply markets
of cements.
Methods
First, a simple life cycle assessment (LCA) of cement production was performed. This
identified processes contributing to environmental emissions at different levels of the
cement production system, from the raw materials extraction phase to the point at
which the cement is available for distribution. LCA is an environmental impact
assessment framework that characterizes the impacts of a product at each of the
relevant phases of its life cycle. Thereafter, a series of specific models based on LCA
coupled with simple partial equilibrium models were developed for each of the
contributing processes identified. Partial equilibrium models rely on modeling the
interconnectedness of industries in the economic system and on using input-output
tables to derive environmental impacts associated with production, supply and
consumption of goods.
On the one hand, these models extend the traditional gate-to-gate scope of analysis by
giving Aalborg Portland a system-wide perspective of its environmental impacts. On
the other hand, such models highlight foreseeable obstacles of different types that can
potentially slow down progress in further reducing emissions for Aalborg Portland
and for energy-intensive industries in general.
Moreover, these models make scientific advancements in regard to assessing
environmental impacts associated with the use or distribution of secondary resources.
Indeed, characterized by a general lack of data and methods, the sourcing and use of
by-products has generally been assumed free of environmental load. Similarly, the
distribution of by-products, such as excess heat, cannot be fully assessed without
understanding how its supply affects other competing alternatives. In a world that
increasingly relies on the recirculation of secondary resources, a conceptual
framework is needed to evaluate the environmental merit of sourcing or distributing
such by-products. Some by-products are in heavy demand by various industries in
different geographical markets, and their optimal use must be ensured.
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Results
The LCA of the main cement products of Aalborg Portland helped to identify the
processes that were contributing the most to GHG emissions: the fossil carbon
intensity of the fuel consumed by the cement clinker kilns, the quantity of fuel used
per ton of clinker produced, the use of electricity for grinding cement and the
calcination of limestone.
The analysis of the GHG emissions of Aalborg Portland cement products between
1980 and 2017 shows that these contributing processes have already been the object
of many environmental efforts and that emissions per ton of cement have already been
reduced by 37% since 1980. These efforts introduced alternative fuels to progressively
substitute for coal and petroleum coke, to recover the excess heat from the cement
clinker kilns and to receive and use national electricity that increasingly has originated
from renewable energy sources. The analysis of emissions on the basis of compressive
strength, that is the amount of GHG emitted per Mpa of 28-day strength, also shows
that efforts in increasing the compressive strength of the cement products significantly
lowered the emissions.
The results of this study also indicate that enhancing the collaboration around reusing
by-products (such as promoted by the field of industrial symbiosis) can lead to a
further reduction of emissions of 14% by 2030 compared to 2017 levels. More
precisely, a series of measures are proposed: the increase of excess heat recovery and
distribution at a lower temperature, the increased use of alternative fuels with
biomass-rich combustible waste, the use of clinker substitutes and the development of
a local source of renewable electricity. This could reduce GHG emissions by an
additional 2.6 million tons.
The model that describes the further recovery of excess heat shows a significant
potential in terms of reducing GHG emissions both for Aalborg Portland and for the
local district heat network However, the current tax framework may seriously delay
the payback time of the investment. The current tax framework intends to prevent the
generation of false excess heat, whereby potential suppliers would intentionally use
more fuel to produce excess heat. Nevertheless, it may in some cases create an adverse
effect: taxes on recovered excess heat and electricity to operate heat pumps, on top of
a price cap on the purchase of excess heat, would not allow a payback time short
enough to justify the necessary investments.
The models developed around the procurement and distribution of by-products also
provide some useful guidelines. The procurement of biomass-rich alternative fuels
should consider the substitutability of fuels to prevent productivity losses in the
manufacturing process, the marginal waste treatment activity affected and the
supplying market to avoid unnecessary trade operations.
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The procurement of supplementary cementitious materials to substitute clinker should
also be operated in light of market conditions. This is especially true with fly ash and
granulated slag from blast furnace, for which the competition among cement and
concrete producers has increased while their market availability has decreased.
Finally, the study on wind power in Denmark reveals that energy-intensive industries
have tremendously benefited from the deployment of renewable energy sources, with
wind power currently representing almost 50% of the gross annual production.
However, based on the most recent projections from the Danish Ministry of Energy,
a limited development of renewable energy systems is to be expected by 2030 in the
national grid. Therefore, a future reduction of GHG emissions associated with the use
of electricity should be achieved through the local deployment of wind turbines.
Although this case study articulates the needs of the cement manufacturer Aalborg
Portland, the findings and guidelines provided throughout this work may be useful to
other energy-intensive industries, especially in cases where an increased use of byproducts is predicted.
Conclusion
This PhD study concludes that increasing the use of by-products within cement
production and optimize the distribution of excess heat is an effective way to reduce
process and fuel-related GHG emissions. However, this should be done with a good
understanding of the markets. Because the availability of a by-product cannot adjust
to the demand for it and because competition for good alternatives to virgin resources
has increased, attention must be paid to reduce environmental impacts beyond the
factory gates that may occur by way of demand displacement. Finally, the study
concludes that the development of environmentally friendly solutions also depends on
company external factors where the primary are barriers relating to the use and
distribution of by-products, i.e. legislation on excess heat recovery and the pricing of
GHG emission allowances.
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DANSK RESUME
Baggrund
Miljøproblemer er i stigende grad blevet anerkendt af beslutningstagere og
forskere som et presserende spørgsmål i de fleste samfund. Ratifikationen af Parisaftalen med 179 parter i 2015, der søger at begrænse drivhusgasemissioner
fra menneskeskabte aktiviteter, viser en hidtil uset international indsats for at reducere
problemet med global opvarmning. Forpligtende politiske dagsordener presser
energiintensive industrier til at reducere deres miljømæssige fodaftryk og dermed
tilslutte sig de fastsatte mål i Paris-aftalen.
Cementproduktion, som groft taget består i at producere klinker fra kalcinering af
kalksten
ved
høj
temperatur,
er
en
af
disse
energiintensive
fremstillingsaktiviteter. Cementindustrien har udviklet sig markant i løbet af de sidste
100 år, og beton er blevet det mest anvendte byggemateriale i
verden. Cementindustrien er nødvendig for at tilbyde holdbare boligløsninger der kan
møde de voksende krav som følge af den demografiske udvikling. Parallelt hermed er
cementproduktion forbundet med 8% af verdens kuldioxidemissioner, hvilket gør det
til en af de mest kulstofintensive aktiviteter og en af de primære bidragsydere til global
opvarmning. Derfor har regeringer og internationale institutioner taget flere
beslutninger for at tilskynde cementindustrien til at gennemføre foranstaltninger til at
øge ressource- og miljøeffektiviteten.
Cementindustrien har udviklet flere indsatser for at reducere det miljømæssige
fodaftryk, og har generelt fokuseret på emissioner fra selve produktionen. Flere
undersøgelser har imidlertid vist, at en veltilrettelagt indsats for at reducere emissioner
fra fabrikken, uden en systemorienteret forståelse af økonomien omkring ressourcer
og produktion, kan medføre en række indirekte påvirkninger andre steder. Dette er
især relevant for cementproducenter, fordi industriens tiltag er stærkt afhængig af
brugen af restprodukter, også kaldet biprodukter, som er … produceret i andre
industrieller processer. Disse biprodukter er begrænset i forsyning og bliver i vid
udstrækning også brugt af andre industrier. Derfor skal cementindustrien sikre, at
eventuelle investeringsbeslutninger vedrørende anvendelsen og fordelingen af
biprodukter ikke har uønskede virkninger et andet sted i økonomien.
Gennem casen ’Aalborg Portland’, undersøger dette studie først mulighederne for
afkobling af aktivitetsniveauet fra direkte skadelige emissioner i en Dansk
energiintensiv industri. Måling af aktivitetsniveauer fokuserer traditionelt på
mængden af produceret cement, som fører til miljøindikatorer, såsom mængden af
drivhusgasemissioner pr. ton cement. Denne indikator vurderes her sammen med
produktets kvalitet: Der foreslås derfor en indikator, der udtrykker mængden af
drivhusgas pr. Mpa af 28 dages styrke, da den sammenkæder effekter på global
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opvarmning, med fremstilling af cement til den kompressionsstyrke, der opnås af
cementblandingen 28 dage efter hydrering. Derefter giver undersøgelsen
retningslinjer for at nå disse mål for reduktion af miljøpåvirkningerne ved brug og
fordeling af biprodukter, samtidig med at miljøpåvirkninger udenfor fabriksportene
minimeres. Modellerne omhandler især følgende bi-produkter: sourcing og brug af
brandbart affald og flyveaske såvel som distribution af overskudsvarme fra
produktionen af klinker. Derudover analyseres bidraget fra vindkraft til reduktion af
drivhusgasemissionerne. Virkemidler til yderligere reduktion af det miljømæssige
fodaftryk i forbindelse med elforsyningen undersøges også. Endelig er virkningerne
af national produktionskapacitet og handelspræferencer på det miljømæssige
fodaftryk af fordelingen af produktet undersøgt via modellering af marginale
forsyningsmarkeder af cement.
Metoder
Først
blev der
lavet
en
simpel
livscyklusvurdering
(LCA)
af
cementproduktion. Denne identificerede processer der bidrager til miljøemissioner på
forskellige niveauer af cementproduktionen fra ekstraktion af råmaterialer til
distribution af den færdige cement. LCA er en miljøkonsekvensvurdering, der
karakteriserer virkningerne af et produkt i hver af de relevante faser af dets
livscyklus. Derefter blev der udviklet en række specifikke modeller baseret på LCA
kombineret med simple partielle ligevægtsmodeller for hver af de miljømæssige
hotspots. Delvise ligevægtsmodeller bygger på modellering af relationerne mellem
industrier i det økonomiske system og på brug af input-output tabeller for at udlede
miljøpåvirkninger i forbindelse med produktion, levering og forbrug af varer. På den
ene side udvider disse modeller det traditionelle gate-to-gate-anvendelsesområde ved
at give et systemperspektiv på Aalborg Portlands miljøpåvirkninger. På den anden
side fremhæver sådanne modeller forudseelige forhindringer af forskellige typer, der
potentielt kan bremse fremskridt mod yderligere reduktion af emissionerne for
Aalborg Portland og andre energiintensive industrier i det hele taget.
Desuden bidrager disse modeller med forbedret videnskabelig forståelse med hensyn
til vurdering af miljøpåvirkninger forbundet med brug eller distribution af sekundære
materialer. Den generelle mangel på data og metoder har faktisk medført, at indkøb
og anvendelse af biprodukter generelt er blevet antaget til at være fri for
miljøbelastning. Distribution af biprodukter så som overskudsvarme kan imidlertid
ikke vurderes fuldt ud – uden en forståelse af hvordan forsyningen heraf påvirker
konkurrerende alternativer.
I en verden, der i stigende grad er afhængig af recirkulering af sekundære
ressourcer, er der brug for en konceptuel ramme for at vurdere miljømæssige fordele
ved at købe eller distribuere sådanne biprodukter. Nogle biprodukter er i stor
efterspørgsel fra forskellige brancher på forskellige geografiske markeder, og dens
optimale brug heraf skal sikres.
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Resultater
LCA for Aalborg Portlands vigtigste cementprodukter har bidraget til at identificere
de processer, der primært bidrager til drivhusgasemissioner: fossil kulstofintensitet i
brændstofforbruget i cementklinkerovne, mængden af brændstof anvendt pr. ton
klinker produceret, brugen af elektricitet til knusning af cement og kalcinering af
kalksten.
Analysen af drivhusgasemissionerne fra Aalborg Portland cementprodukter mellem
1980 og 2017 viser, at disse processer allerede har været genstand for mange
miljøindsatser, og at emissionerne pr. ton cement allerede er blevet reduceret med
37% siden 1980. Disse indsatser inkluderer indførelse af alternative brændstoffer til
gradvist at erstatte kul og petroleumskoks, genvinding af overskydende varme fra
cementklinkerovne, samt ændringer i det nationale elektricitets-mix, som i stigende
grad er stammer fra vedvarende energikilder.
Analysen af emissioner på basis af styrke, det vil sige mængden af
drivhusgasemissioner pr. Mpa med 28 dages styrke, viser også, at indsatsen for at øge
trykstyrken af cementprodukterne signifikant har sænket emissionerne målt i forhold
til funktion.
Resultaterne af denne undersøgelse viser også, at en styrkelse af samarbejdet om
genanvendelse af biprodukter (som fremmes af industriel symbiose) kan føre til
yderligere reduktion af emissionerne på 14% i 2030 sammenlignet med 2017niveauet. Nærmere bestemt foreslås en række foranstaltninger: stigning i
overskydende varmegenvinding og distribution heraf ved en lavere temperatur, øget
anvendelse af alternative brændstoffer med biomasse-rigt brændbart affald,
anvendelse af klinkersubstitutter og udvikling af en lokal kilde til vedvarende
elektricitet. Dette kunne reducere drivhusgasemissionerne med yderligere 2,6
millioner tons.
Modellen, der beskriver den yderligere genindvinding af overskydende varme, viser
et betydeligt potentiale med hensyn til at reducere drivhusgasemissionerne både for
Aalborg Portland og for det lokale fjernvarme-netværk. Men den nuværende
skattelovgivning kan betydeligt udskyde tilbagebetalingstiden for investeringen. Den
nuværende lovgivning har til formål at forhindre generering af falsk overskydende
varme, hvorved potentielle leverandører forsætligt vil bruge mere brændstof til at
producere overskydende varme. Ikke desto mindre kan det i nogle tilfælde skabe en
negativ virkning: Skat på genvundet overskydende varme, og elektricitet til at drive
varmepumper, oven i et prisloft ved køb af overskydende varme, giver ikke
tilbagebetalingstider der kan retfærdiggøre de nødvendige investeringer.
Modellerne omkring indkøb og distribution af biprodukter giver også nogle nyttige
retningslinjer. Ved indkøb af biomasse-rige alternative brændstoffer bør
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substituerbarheden af brændstoffer overvejes for at forhindre produktivitetstab i
produktionen,
den
berørte
marginale
affaldsbehandlingsaktivitet
og
forsyningsmarkedet for at undgå unødvendige handelsaktiviteter.
Indkøb af supplerende cementmaterialer til erstatning af klinker bør også vurderes i
lyset af markedsforholdene. Dette gælder især for flyveaske og granuleret slagger fra
højovne, for hvilke konkurrencen mellem cement- og betonproducenter er steget,
mens deres tilgængelighed på markedet er faldet. Endelig viser undersøgelsen af
vindenergi i Danmark, at energiintensive industrier har draget fordel af udnyttelsen af
vedvarende energikilder, hvor vindkraft i øjeblikket repræsenterer næsten 50% af
bruttoproduktionen. Men baseret på de seneste fremskrivninger fra det danske
Energiministerium, så kan der forventes en begrænset udvikling af vedvarende energi
i det nationale el-net frem til 2030. Derfor bør en fremtidig reduktion af
drivhusgasemissioner i forbindelse med brugen af elektricitet opnås ved lokal
udvikling af vindkraft.
Skønt denne case er baseret på og formulerer behovene hos en cement producent,
Aalborg Portland, så kan resultaterne og retningslinjerne fra dette arbejde være nyttige
for andre energiintensive industrier, især i de tilfælde hvor en øget anvendelse af
biprodukter kan forudses.
Konklusion
Dette PhD studie konkluderer, at en stigende efterspørgsel efter biprodukter til
cementproduktionen og en optimering af distributionen af overskudsvarme er en
effektiv
måde
at
reducere
procesog
brændstofrelaterede
drivhusgasemissioner. Dette skal imidlertid ske med en god forståelse af
markederne. Da tilgængeligheden af et biprodukt ikke kan tilpasses efterspørgslen
herefter, og fordi konkurrencen om alternativer til jomfruelige ressourcer er steget, så
skal der lægges vægt på at reducere de miljøbelastninger der opstår efter
fabriksporten, og som følge af øget efterspørgsel. Endelig konkluderer studiet, at
udviklingen af miljøvenlige løsninger også afhænger af virksomhedseksterne
faktorer, hvor de primære er barrierer i forbindelse med anvendelse og distribution af
biprodukter, dvs. lovgivning om overskydende varmegenvinding og prissætning af
drivhusgas-emissionskvoter.
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cement. 2017. EPD Norge.
Environmental Product Declaration as per EN 15804 – LAVALKALI
Portland cement. 2017. EPD Norge.
Environmental Product Declaration as per EN 15804 – Aalborg WHITE
Portland cement. 2018. EPD International.
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1 INTRODUCTION
This chapter introduces the reader to the current context that surrounds energyintensive industries and their potential role in mitigating global warming impacts in
the future. A general problem is identified and narrowed down to the cement industry,
represented with the case of Aalborg Portland. The main research question, subquestions and underlying hypotheses of this dissertation are presented. The chapter
ends with a description of the following chapters of the PhD dissertation.

1.1

CONTEXT

There is a growing concern regarding different types of environmental impacts around
the world. According to the Gallup World poll conducted in 2007 and 2008 in 119
countries representing 90% of the world population, global warming is among such
impacts. As such, it is recognized by many as a serious threat to the continued
existence of humankind [1]. Other types of impacts have been successfully and
globally addressed in the past, such as the depletion of the stratospheric ozone layer
in the late 1980s or the near extinction of bald eagles in the U.S. in the 1970s. The
former issue was solved by the 1989 Montreal protocol and the latter by the 1972 ban
on DDT (dichlorodiphenyltrichloroethane) chemical compounds in insecticides.
However, the issue of global warming seems more challenging to address for several
reasons. As opposed to DDT-based insecticides, the impacts of global warming are
worldwide and are often more pronounced in areas distant from the sources of GHG
emissions [2], which are the emissions contributing to the radiative forcing of the
atmosphere.1 This makes it difficult to mobilize the needed stakeholders. Unlike
finding alternatives to ozone-depleting gases, the remedy to global warming requires
a transformation of the current mindset not only about how services and products are
produced but also about how they are consumed, among other aspects [3].
The dependence of man-made activities on the supply of virgin material and nonrenewable energy, especially fossil fuels, combined with sustained global economic
and demographic growth, is clearly accelerating the depletion of natural resources and
the rate of GHG emissions, according to the Intergovernmental Panel on Climate
Change (IPCC) [2]. Nearly all climate scientists agree that GHG emissions from
anthropogenic activities since the post-industrial era statistically explain global
warming [4]. As Figure 1 indicates, non-renewable sources of energy still make up

The radiative forcing of the Earth’s atmosphere refers to the process of increasing the
difference between the solar energy entering the Earth’s climate system and the energy leaving
it, leading to a global temperature increase.
1
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more than 90% of the world’s energy use, with a recent expansion of coal use in
emerging Asian economies [5].

million tons of oil equivalent

Figure 1 World primary energy use by fuel types, in million tons of oil equivalent. Source: [5]

One answer to address the issues of resource depletion and growing GHG emissions
is to reserve non-renewable resources for the production high added-value products
while shifting the demand for fuel toward renewable resources instead. For example,
crude oil could be restrained to the manufacture of lubricants or pharmaceuticals rather
than refining it into fuel products. At the same time, the demand for crude oil could
be satisfied with biofuels and renewable energy systems (e.g., wind turbines,
photovoltaic panels). These renewable energy systems can be combined with efforts
to reduce the need for non-renewable resources altogether. In that regard, several
alternatives to the current “linear” way of extracting, transforming and using nonrenewable resources have been proposed over the past two decades. With his 1996
book, Material Concerns [6], Tim Jackson was among the first authors to promote a
vision of society in which the use of non-renewable resources would be reduced and
in which such resources would be recirculated within the economy.
A number of solutions for such recirculation of resource exist: applied instances of
recirculation of material and energy within the life cycle of products [7], attempts to
design products with the aim of a complete reuse at the end of their life [8], solutions
to maximize the utility delivered by products through collaborative consumption and
“servitization” of products [9] or even the recovery of the embedded value of the
product after disposal [10].
The decoupling of non-renewable resources utilization from economic growth
becomes even more important because emerging economies will add another 3 billion
persons to the global middle-class by 2030 [11]. Industries will play a pivotal role in

22

1. INTRODUCTION

minimizing the use of non-renewable resources on one end and satisfy the needs of
future populations on the other end. As Figure 2 depicts, industries use about 29% of
the non-renewable energy captured and transformed annually in the world [12].
According to the fifth assessment report of the IPCC, industries were directly
associated with 21% of the global GHG emissions in 2010 and indirectly with another
11% via the use of heat and electricity [2].
The challenging character of the fight against global warming adds to the inertia of
the climate system: This makes it urgent to stabilize the concentration of GHG
emissions in the atmosphere today, in the hope of ending the global temperature
increase in the next 100 years [2].
However, in this world of coal, all is not that black. As the third largest emitting sector,
the International Energy Agency (IEA) believes the industry can curb the global GHG
emissions by 2050 by adopting more energy- and material-efficient practices and by
switching to renewable and non-fossil sources of energy. Nevertheless, they warn that
disruptive technologies will likely be needed to compensate for the expected
significant growth in demographics described earlier [13].
Still, many of the proposed measures to reduce GHG emissions from industrial
activities rely on the use of waste and industrial by-products as a substitute for
conventional virgin materials and fuels. Given the varying quality often observed in
such materials and the fact that their supply is inherently dependent on the activities
that produce them, the industry may struggle to source the right types of secondary
materials that lead to the actual reduction of GHG emissions. This aspect is further
developed in the following sections.
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Figure 2 Total final energy consumption in the world in 2015, in petajoules. Source: [12]
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1.2

PROBLEM SCOPE

The term energy-intensive industries (EII) includes the power, metallurgy,
petrochemical, paper pulp and cement sectors. These sectors are responsible for most
(> 60%) of the GHG emissions associated with industry in general [14]. Energyintensive industries depend on a stable network of numerous suppliers, which, in turn,
are engaged in other supply chains. Energy-intensive industries that deliver low-added
value products are usually involved in short supply chains where the main valueadding activity is located close to the raw material extraction. For example, cement
factories are usually located close to limestone quarries, just as steel works generally
operate near iron mines.
Achieving higher levels of environmental sustainability is challenging for EII for the
following reasons [15–17]:
•
•
•
•
•

Their capital-intensive machinery has a long payback time, which can
prevent the adoption of ground-breaking technologies.
There is a slow responsiveness of the production process to changes, so new
suppliers need to be thoroughly tested over time before being contracted.
There is a tendency to use virgin materials because they benefit from stable
physical and chemical properties over time (as opposed to the varying quality
of secondary materials).
There is a slow responsiveness of operations, with a costly adaptation to any
changes in input quality or stops of the production line (disruption of
production),
There is seemingly a lack of market demand to cover the needed investments
in cleaner production technologies (personal communication, Jesper S.
Damtoft, July 2018).

Nevertheless, such industries face a rapidly growing pressure from governments and
society to decrease their environmental footprint, as indicated by the multiplication of
commitments from various governments in regard to their domestic industry. For
example, the European Union and its Member States subscribed to the Energy
Roadmap 2050 [18] and tools such as the Emissions Trading Scheme [19], also
discussed later in this chapter. Despite the economic and environmental promises of
increasing the reuse of by-products,2 improving the efficiency of production
processes, limiting process emissions and developing take-back systems [20], these
measures are synonymous with investments. Mindset needs to shift toward disruptive

2

Residual products jointly produced with other products. As the low added-value of byproducts cannot drive investments regarding their commercialisation, their production is
usually unintended and minimized.
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sustainable production practices in sectors where changes do not typically occur
quickly.
The struggle to reach drastically higher levels of resource efficiency in the cement
industry is real. Statistics and time series on energy and resource use presented in the
next section indicates that only modest progress has been achieved. However, the
agreed climate targets expressed during the Paris Agreement provide concrete
environmental targets for cement producers to align with.
1.2.1

THE CEMENT INDUSTRY

After water, concrete is the most used material in the world [21]. Because of its
flowability, durability, compressive strength and the abundance of the raw materials
used for its production, concrete has generally been the material of choice for civil
constructions. The increased demand for high-rise structures due to urbanization can
be easily met by concrete due to its advantages in technical performance, cost,
handling and supply [22], while instances of similar structures based on other
materials remain relatively rare. Concrete is not necessarily an environmentally
impactful material per unit of volume compared to other construction materials [21],
but the quantities of cement produced and used as binder within concrete are at the
root of major GHG emissions – an average of 280 kg of cement were used per cubic
meter of concrete in Europe in 2016 [23], with a current average GHG emissions
factor of 631 kg CO2-eq.3 per ton of cement equivalent4 [24].
Indeed, the cement sector is the second highest GHG-emitting activity within EII,
responsible for 7% of the world’s industrial demand for energy and for 7–8% of the
world’s carbon dioxide emissions [25,26]. Sixty percent of these emissions are

3

Carbon dioxide equivalent (or CO2-eq.) is a measurement unit that describes the global
warming potential of a variety greenhouse gases in reference to the radiative forcing potential
of carbon dioxide on the atmosphere, where 1 kg of CO2 equals 1 kg of CO2-eq. The equivalence
between greenhouse gases such as carbon dioxide, methane, nitrous oxide, ozone, etc. is given
by a set of characterization factors published by the Intergovernmental Panel for Climate
Change.
4

A ton of cement equivalent is a measurement unit that relates process and fuel emissions
associated to the production of clinker, the binding ingredient of cement, to a ton of cement
given an average clinker-to-cement ratio. It makes it possible to consider emissions associated
with the share of clinker that has not been used in cement but that was stocked or sold to another
cement factory.
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believed to originate from so-called process emissions,5 while the remaining part is
believed to come from the combustion of fossil fuels.
Facing growing pressure from governments, non-governmental organizations and the
competition from other construction materials, the cement sector has introduced
initiatives to limit the environmental footprint of its operations. As early as the 1990s,
the World Business Council for Sustainable Development (WBCSD) launched the
Cement Sustainability Initiative (CSI), a volunteer-based cooperation between the
world’s largest cement producers to introduce more resource-efficient practices in the
industry. A few years later, the CSI began Getting the Numbers Right (GNR), a
worldwide database for the reporting, monitoring and benchmarking of
environmentally impactful water and air emissions that cover a fifth of the world’s
production capacity and over 90% of the cement production volume in Europe [24].
In 2013, Cembureau, the European association of cement producers, published a
report that maps the possible ways to reduce GHG emissions by up to 34% within the
sector, compared to 1990 levels [27]. This report identified solutions that use currently
available technologies, such as increasing the use of alternative fuels, improving the
energy efficiency of cement kilns and developing efforts to replace clinker in cement,
as well as some downstream solutions, such as recycling concrete after it has been
discarded. The combination of efforts projected to lead to a 34% reduction in GHG
emissions by 2050 compared to 1990 levels is illustrated in Figure 3. However, these
projections assumed a demand for cement comparable to 1990 levels.

-34%
-80%

Figure 3 Proposed roadmap to GHG emissions reduction by 2050. Source: [27]

During the 2015 Paris Agreement, the cement industry again confirmed its
commitment to achieving more environmentally sustainable levels of production. In
2018, the IEA and the members of WBCSD’s CSI laid out a global roadmap that lists

5

Process emissions occur during the calcination of limestone at high temperatures in cement
clinker kilns in order to produce clinker, the binding ingredient in cement. Precisely, calcium
carbonate (CaCO3) decarbonates at a temperature range of 1300–1450 degrees Celsius to
produce calcium oxide (also known as quicklime, CaO) and carbon dioxide (CO 2).
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mid- to long-term solutions to enable a reduction of GHG emissions by 24% by 2050
compared to current levels, using currently available technologies [25].
Both roadmaps, as well as the 2012 IEA report mentioned above, seem to rely to a
large extent on the still experimental carbon capture and storage (CCS) to reach up to
80% GHG emissions reduction, as also illustrated in Figure 3 (see the segment called
“Breakthrough technologies”). The environmental merits of CCS are, however,
dependent on a local supply of renewable or residual heat source [28]. The capital
investment needed to locally deploy CCS has an estimated cost range of USD 20–70
per ton of CO2 captured and stored [29] and will likely hinder the early adoption of
the technology by small- to medium-size cement producers – which represent over
two thirds of the 3.3 billion tons of cement produced in the world currently [30].
Nevertheless, experts from the IPCC foresee a needed reduction of 90% of the GHG
emissions by 2050 to stay within a 2 degrees Celsius global temperature increase for
the next hundred years. With all other factors kept proportional, this means that the
cement industry also needs to adhere as much as possible to these objectives.
In that regard, technical improvements in the cement industry have accelerated over
the past two decades, although they remain modest. For example, according the
WBCSD’s GNR database [24], the amount of energy used to produce one ton of grey
clinker in the world has been reduced by 1% every year since 1990, mostly due to
state-of-the-art installations in emerging economies. Investments in complete retrofits
of old kilns approximate €100 million, which is close to what a new state-of-the-art
kiln would cost. For that reason, both types of investments are mostly realized in
markets with sustained growth, such as Asia or Africa [31].
With an average lifetime of 40 to 50 years for rotary kilns, improvements to existing
kilns are continuous but often reserved to installations that are 30 years old or more,
mostly in mature markets such as in Europe [31,32]. Incremental upgrades to cement
kilns, such as the pre-drying of alternative fuels, improving the raw-mix burnability
and adding preheater cyclone stages, usually represent investments in the range of
dozens of millions of euros [32], which are in addition to running expenses and
amortization of existing infrastructures.
Nevertheless, such investments seem to become a condicio sine qua non for industries
that operate in countries with substantial taxation on the use of fossil fuels and related
air emissions [31]. Hence, the imperatives for EII and cement production to increase
resource efficiency, limit harmful fuel use and reduce process emissions within a
relatively short time frame are certainly needed, but their application presents a
challenge from a financial point of view.
During the process of this PhD study, two additional challenges became apparent.
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First, implementing more sustainable production practices requires the development
of competencies and knowledge to avoid undesired spill-over effects. Indeed,
reducing the use of virgin resources may potentially have unforeseen and undesired
effects on other parts of society. This is particularly relevant where the measures imply
a shift of demand from virgin to secondary resources, such as industrial by-products.
The supply of such by-products is often constrained by other factors and can be subject
to competition that can absorb any additional amount made available. Decision
makers may not have a comprehensive overview of the complex relations surrounding
the use or reuse of by-products from markets in which demand is greater than supply.
Second, the applicability of measures to improve energy efficiency can be hampered
by regulations. This has been documented in the literature regarding the exchange of
by-products. The present study also highlights the current regulations in Denmark that
limit the recovery of excess industrial heat to increase the energy efficiency of clinker
production. It also discusses the implications of the price variations of European
emissions allowances on investments in cleaner technologies.
Given this context, this PhD dissertation explores the opportunities for a medium-size
EII (i.e., cement production in Denmark) to fulfill the upcoming environmental
imperatives while also satisfying future needs in housing development. This
dissertation is also an occasion to address the limitations that can be faced during the
transition toward more resource-efficient processes – namely, the responsible
sourcing of by-products in an economy that increasingly reuses them. For this reason,
the nature of the research questions raised in this dissertation relate to the two abovementioned challenges.
1.2.2

AALBORG PORTLAND

This three-year PhD study was conducted as part of an industrial PhD program
financed by Innovation Fund Denmark. The partner company, Aalborg Portland (AP),
is a Portland cement producer located in northern Denmark, and it provided the
necessary resources and context to carry out the seven main studies described in this
dissertation.

Figure 4 Aerial view of the production facilities of Aalborg Portland.
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Aalborg Portland is an EII that has been producing clinker-based grey and white
hydraulic binders for the concrete sector for over 125 years. The grey cement products
are mainly provided to the Scandinavian market, and the white cement product is
distributed worldwide. The cement products can be categorized by color and cement
class, as per the European standard EN197-1 [33]. The first criterion simply refers to
its aesthetic attributes, and the second criterion refers to the relative clinker content in
the product. The main family of grey cement products contains two CEM I cements
(RAPID and LAVALKALI) and one CEM II cement (BASIS), as described in Table
1. The family of white cement products is primarily composed of one CEM I cement
(Aalborg WHITE).
Table 1 Description of AP's main cement products.
Grey cement

Name
Cement
class*
Strength
class*
Application

White cement

BASIS
CEM II

RAPID
CEM I

LAVALKALI
CEM I

Aalborg WHITE
CEM I

52.5

52.5

42.5

52.5

BASIS cement can
be used in concrete
for all purposes and
in all environmental
classes.

RAPID cement is
used for ready-mix
concrete, but due to a
relatively
rapid
strength
development, it can
also be used for the
production
of
concrete elements
and
prefabricated
buildings.

LOW-ALKALI cement
is specially designed
for concrete used in
constructions and other
structures prone to
alkali reactions as well
as bridges or structures
in
contact
with
groundwater
containing sulfate.

Aalborg WHITE
cement is often
used in white or
colored dry mix
for exterior walls.
This gives a vivid
façade
surface
that protects the
masonry
and
satisfies
the
aesthetic sense of
the observer.
595,077

Production
372,224
865,700
116,463
volume**
Market
Scandinavia
Scandinavia
Scandinavia
* As per the European cement standard EN 197-1 ** In tons, in 2015

Worldwide

These cement products are produced by calcinating a mix of limestone and sand in
cement clinker kilns at 1450 degrees Celsius to produce clinker. The kilns currently
produce over two million tons of clinker per year, which is then blended with gypsum
to produce grey and white cement types, as illustrated in Figure 5. Unlike what is
shown in that figure, AP operates with a semi-dry process, in which the limestone that
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undergoes calcination is wet because it is quarried under sea level. The limestone
quarry is present in the top-right corner of the aerial photograph shown above in
Figure 4. The use of wet material requires additional energy to vaporize the water
contained in the limestone.

Figure 5 Schematic representation of the cement production process. Source: [34]

Aalborg Portland has an annual fuel energy demand of about 13 PJ,6 which represents
14% of the energy demand of industries in Denmark [35]. This demand is satisfied
mostly by conventional fuels, with an annual import of 315 kilotons of coal and
petroleum coke, as well as 165 kilotons of alternative fuels. Aalborg Portland also
recovers a fourth of that energy at the kiln level as excess heat. The recovered excess
heat satisfies a fifth of the demand for heating through the district heat network of
Aalborg. Close to the local industries of Aalborg, AP is at the center of several
exchanges of material and energy by-products, as can be seen from Figure 6. Among
the most notable synergies is the exchange of liquid limestone slurry in return for
desulphurization gypsum between the cement factory and the coal-fired power plant.
The former helps to scrub sulfur from the flue gas of the power plant in the form of
gypsum, which is then blended with clinker to produce cement. There are also a
number of exchanges of combustible waste materials of which the thermal energy is
partly returned as heat in the local district heat network. This collaborative approach
of reusing industrial by-products within a defined area is commonly referred to as
industrial symbiosis (IS). As explained in the second chapter and illustrated in Figure
6, most of these by-product flows are constrained in supply. Because they are jointly
6

1 petajoule = 1 million gigajoules
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produced together with a determining product7 with a higher added-value, their supply
is conditioned by the demand for the latter. For example, the availability of excess
heat from the cement factory is conditioned by the demand for clinker. There can be
exceptions, though: Despite the higher added-value of electricity, its supply from the
coal-fired power plant is conditioned by the demand for heat when in co-generation
mode. This is because the power plant is dedicated to securing variations in demand
for district heat.

Figure 6 Current synergies in the industrial area of Aalborg.

1.2.2.1

Demand for better environmental performances

On an international level, AP answers to environmental demands set by supra-national
authorities, notably the European Union. The European Union’s cap-and-trade-based

7

A determining product typically has enough added-value to drive investments in related
production capacity should the market demand for it increase.
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emissions trading scheme (ETS) is the framework that currently provides AP the
strongest incentive to reduce its GHG emissions.
This cap-and-trade framework covers 11,000 industries in Europe, corresponding to
45% of the GHG emissions of the European Union. The ETS framework delivers a
number of emissions allowances (EUA) to industries for free, where 1 EUA equals 1
ton of carbon dioxide equivalent. At the end of year, industries covered by the ETS
need to surrender an amount of EUA to match the amount of their direct GHG
emissions. The number of allowances distributed every year to industries decreases to
reduce the emissions of the different industrial sectors, thereby concurring with the
targets set by the Paris Agreement. If an industry emits more than the amount of EUA
it can return, the difference must be purchased in secondary EUA markets. As the ETS
enters its fourth phase in 2021, it should result in a reduction of at least 43% of the
GHG emissions by 2030 compared to the 2005 levels. While EUA were mostly
allocated for free by Member States during the infancy of the framework, they are
now increasingly acquired via auctioning and through secondary markets (see [36] for
an example of an EUA auctioning platform).
As depicted in Figure 7, the price at which EUA can be purchased increases, but the
future conditions that will define several aspects of the ETS (e.g., definition of
benchmark, cross-sectoral correction factors, sectors to protect from the risk of carbon
leakage8) as it enters its fourth phase remain unclear. This makes it difficult for
industries, investment cabinets and the European Commission itself to foresee future
EUA price levels as the wide variations in price projections illustrated in Figure 7
indicate.
At the national level, the 2012 Energy Agreement set some objectives for Denmark
in terms of energy consumption (a reduction of 7% by 2020 compared to 2010). The
Danish Ministry of Energy monitors efforts in terms of energy efficiency via annual
audits along the supply chain of AP. Continuous efforts in that sense prevent
additional taxation on energy use.
Finally, the market for civil constructions has developed initiatives for the inclusion
of environmental criteria in public and private procurement processes and project
specifications. The extent of such practices differs in Europe [37–40], but it is
increasingly common to require some form of environmental label (Type I
environmental labeling, such as EU Ecolabel or Nordic Swan) or product declaration
(Type III environmental declarations) on construction materials and to specify
building projects according to environmental certifications for buildings (e.g., DGNB,
BREEAM, HQE). Figure 8 offers an overview of Type III environmental declarations
8

Carbon leakage is a situation where demand for EU-produced goods shifts toward non-EU
products as pricing of GHG emissions increases. Overall GHG emissions are not reduced but
merely displaced outside of the emissions scope of the ETS.
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on cement products in Europe. Green vertical bars represent AP cement products. Red
vertical bars are cement products marketed in the Scandinavian region.

Figure 7 Observed and projected unitary price for EUA on secondary market. Historical data
source: [41]
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Figure 8 Distribution of Type III environmental declarations on grey (left) and white (right)
cement products in Europe, expressed as GHG emissions per Mpa of 28 days strength.

1.3

AIMS AND OBJECTIVES

Using the context of cement production in Denmark, four aims were pursued during
this industrial PhD study.
The first aim is to suggest measures to minimize the environmental footprint of
cement production activity at different levels of AP (procurement, logistics,
production, distribution) that would not lead to increased environmental impacts
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somewhere else in the economy. This could be achieved through the use of byproducts and renewable sources of energy.
In addition to the mere measurement of emissions at the factory, a set of tools and
models is needed to model potential impacts beyond the factory gates. Aalborg
Portland has developed expertise in environmental management at the operational
level, with a precise measurement of material and energy use as well as air and water
emissions. These measurements are annually verified through energy and
environmental audits and disclosed in structured environmental reports. This type of
environmental management is traditionally characterized by the development of endof-pipe solutions to impact mitigation and a scope for reporting emissions limited to
the factory gates. Starting from this situation, a second aim of this PhD study is to
further develop expertise to include an organization-wide understanding of
environmental management: The different departments at AP need to adopt a
collective approach to the reduction of the organization’s environmental footprint. For
that reason, this PhD study provides models that, for example, describe causal
relations between decisions made at the level of procurement of alternative fuels and
their consequences at the production level (e.g., impacts on productivity, GHG
emissions, etc.).
A third aim is to extend the scope of analysis of the sustainability strategy of AP. This
implies implementing a system-wide understanding of the consequences that relate to
investments in cleaner technologies, notably focusing on the reuse of by-products.
Aalborg Portland increasingly cooperates with domestic and international industries
for the supply of residual materials and the redistribution of energy in an organized
manner. Aalborg Portland is part of a system of supply chains, which are themselves
part of the global economic system. Aalborg Portland could benefit from a systembased perspective by having a better understanding of how actions taken at the cement
production level affects the supply chain it is embedded in and other supply chains it
relates to.
These three aims ultimately serve the purpose of developing a plan for AP to help its
transition toward more sustainable levels of production.
Finally, a fourth aim of this study is to suggest a conceptual framework via a series of
models to better assess the environmental consequences of sourcing secondary
materials to be used in EII operations. The existing scientific literature on the
environmental impact of assessment tools and methods does not offer such a basis,
and the sourcing of secondary materials is too often considered free of environmental
load.
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1.3.1

RESEARCH QUESTIONS AND HYPOTHESES

Among the pathways currently available to reduce the environmental footprint of
industrial activities, the principle of reusing municipal and industrial waste to decrease
the need for virgin resources has been presented by the European Energy Agency as
one of the most promising solutions. The European Energy Agency especially stresses
its potential merits in regard to reducing atmospheric and non-renewable resourcerelated damages [42].
The field of industrial ecology (IE) refers to the reciprocal reuse of by-products that
involves two or more industries working as a synergy. A group of synergies within an
organized and geographically defined area is often referred to as industrial symbiosis
(IS). Numerous examples of planned and self-organized cases of IS have admittedly
reduced the environmental footprint of industrial areas. Known instances of IS are
those of Kalundborg in Denmark, Kwinana in Australia and Styria in Austria – the
reader can refer to Publication I for a detailed description of these IS cases.

Figure 9 Schematic representation of industrial symbiosis: the reuse of industrial by-products
to avoid the need for virgin resources.

The applicability of IS synergies to cement production has been investigated in
numerous studies, showing significant environmental benefits from the reuse of byproducts [43–46]. For example, Hashimoto et al. [45] quantified the environmental
benefits of IS on the operation of a cement factory in the eco-town of Kawasaki by
subtracting the impacts of a scenario without synergies to the current configuration of
the industrial area. They found that the current IS synergies help the cement factory
reduce its annual GHG emissions by 41,000 tons.
With regard to AP, itself embedded in a local IS, this PhD study identifies
opportunities to improve the resource efficiency of the production of cement at
different levels, notably through the reuse of residues but also with the deployment of
renewable sources of energy.
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This PhD study also emphasizes potential second-order, or spill-over, effects, that
may arise after a shift in demand from virgin to secondary resources. As argued by
Ekvall and Weidema [47], the availability of secondary resources (by-products or
discarded products) is constrained by the demand for the activity they derive from.
The availability for products that reached their end of use is constrained by the level
of consumption activity. For example, the availability of aluminum tin cans depends
on the consumption of canned products. Similarly for industrial by-products, the
availability of coproduced biological sludge, used as agricultural fertilizer in
Kalundborg, depends on the demand for insulin. Furthermore, there is the more
complex case of municipal solid waste used as alternative fuel. On one hand, the
supply of alternative fuel by material recovery facilities (MRFs) adjusts to demand by
reducing the waste that it allocates to landfills. On the other hand, the availability of
bulk waste to be processed by MRFs depends on changes in households’ disposable
income for consumption. Generally, the availability of industrial by-products or
products that have reached their end of use are supply driven and cannot adjust to
demand. When these secondary materials are the object of much competition because
of global pressure on the industry to become more sustainable, acquiring these
materials requires special attention. Moreover, rerouting a significant share of
secondary materials toward one’s own process can become problematic and
potentially displace part of the demand for the following:
•
•
•

the same secondary materials but on a different geographical market, which
would result in increased emissions associated with transport operations;
other substitutable types of secondary materials, which would result in
different environmental impacts,
primary materials, in which case the two above solutions cannot satisfy the
displaced demand.

While direct benefits at the plant level and on the cement product are easily
quantifiable with an environmental assessment tool, an established scientific method
is lacking to quantify second-order effects that follow an increase in demand for
secondary resources that are constrained in supply. This scientific gap is in addition
to the difficulty of finding reliable data on industrial by-products and discarded
materials.
As the cement industry is pressed to increase its resource efficiency and decrease its
environmental footprint, notably with the reuse of by-products within the frame of IS,
it is important to ensure that it is not done at the expense of other activities in other
parts of the economy.
In the context of increased governmental and societal pressure regarding
environmental sustainability, this PhD dissertation answers the following main
research question:
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 Question 1: What are the possibilities for a medium-size EII, such as Aalborg
Portland, to reduce its environmental footprint to meet the environmental
targets set for the industry?
The main research question is answered by validating the following hypothesis:

Hypothesis one

“Industrial symbiosis and the practice of reusing by-products from other
industries is compatible with and beneficial to EII operations, and such
industries are often at the heart of most IS systems.”
This research question is accompanied by two sub-questions.
 Question 1.a: How should a significant shift in demand for secondary
materials be considered from a life cycle assessment perspective?
This sub-question targets the field of life cycle assessment (LCA), a
quantitative environmental assessment tool further described in chapter 2.
Currently, the widespread use accounting-like LCA among industries (where
products are attributed an environmental load according to value-based rules,
also called attributional LCA) does not allow for reflecting on environmental
impacts associated with the increased use of by-products. In this field of
research, the use of change-oriented LCA (where products are instead
associated to the environmental load observed when the demand for them
increase, also called consequential LCA) is more common and apt to reflect
changes in demand for such materials. However, methods to deal with waste
materials and by-products have not been clearly established. Approaches to
model the constrained supply of by-products and discarded products in LCA
models have been suggested. Sourcing secondary materials for which there
are high competition and demand may have environmental implications that
need to be included if LCAs are to support better-informed decisions.
 Question 1.b: Are there limits and/or obstacles to the extent IS and the reuse
of by-products in general can help achieve more sustainable levels of
operation?
This sub-question intends to fill a gap in the current literature on IS by
showcasing situations where the outcome of a synergy can be suboptimal if
the avoided alternative treatment of the by-products has higher
environmental merits. Indeed, the literature on IS generally assumes that the
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reuse of a by-product between two industries always leads to environmental
benefits. While this may be true if the alternative fate of the by-product is to
be landfilled, a wider understanding of the market conditions is likely needed
to ensure that the transaction is environmentally beneficial.
These two sub-questions are answered by verifying the validity of the following
hypothesis:

Hypothesis two

“Industrial symbiosis can help EIIs, such as cement production, to reduce their
environmental footprint, but a wide understanding of such systems is required in
order to operate within optimal conditions without causing environmental problems
elsewhere.”

1.4

OVERALL APPROACH OF THE DISSERTATION

This PhD dissertation presents the context and results of seven studies conducted
during three years as part of an industrial PhD program financed by Innovation Fund
Denmark under the grant application number 4135-00137B. The partnering company,
AP, offered a representative case of a medium-size EII that evolves on a market with
increasingly tight regulations on environmental matters and requirements in terms of
energy efficiency.
The nature of this industrial PhD program meant that a close collaboration with the
host company was possible. The supervision of the industrial PhD project was ensured
by the Research and Development department of AP. That made it possible to become
familiar with the strategical imperatives of the company in terms of environmental
sustainability, regulations, competition and advances in cement research.
1.4.1

METHODOLOGICAL APPROACH

The main research question was answered following a three-step research strategy to
validate the first hypothesis. The first step confirmed the relevance of IS and the reuse
of by-products in reducing the environmental impacts of EII in the existing literature.
The second step demonstrated the observed contribution of IS in having actively
reduced the environmental impacts of AP’s operations in the past. The third step
demonstrates the possibilities IS offers AP to further reduce its environmental impacts
in the future.
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The research strategy consisted first in understanding the principle of IS as well as to
list examples of short- and long-distance synergies and their benefits and applicability
to EIIs. Such analysis was conducted by a literature review of IS cases and a series of
interviews with persons actively involved in the operation of synergies in the IS of
Kalundborg. By comparing successful and unsuccessful cases of IS, work has been
done to identify suspected drivers and bottlenecks to the development of IS. The
results of this study are presented under the form of a book chapter (see Publication
I). Acquiring a good understanding of IS through numerous study cases made it
possible to draw a parallel with the case of AP. Patterns, drivers and barriers identified
in previous case studies were highlighted in the industrial area of Aalborg. The
introductory part of Publication III maps known synergies in Aalborg. This is likely
the first attempt to document the Aalborg industrial area as an emerging case of IS in
the scientific literature.
The investigation of previous cases of IS involving EIIs and the mapping of ongoing
efforts in Aalborg was the first step in validating the first hypothesis. Indeed, that
investigation found that IS had previously benefited from various types of EIIs,
including cement manufacture, in settings similar to that of AP.
A screening of the environmental impacts of the cement production system was
conducted under the form of a LCA, with a cradle-to-gate scope. The main
contributing processes in terms of non-renewable material and energy use and loss, as
well as impactful emissions, were identified for the main cement products. To obtain
a better overview and significance of these contributing processes over time, a mass
and energy flow analysis at the factory level was conducted for the period of 1980–
2017. The evolution of these impactful processes is explained and their respective
contribution to emissions reduction is quantified.
Linking these emission reductions with the intensification of by-products reuse over
time confirms that IS has actively reduced the environmental footprint of AP
operations. This finding constitutes the second step in validating the hypothesis.
Exchanging ideas with the personnel of AP within different departments (fuel and
material procurement, production and research) led to the identification of potential
and technically feasible solutions to further minimize the impacts of these processes,
resulting in energy and environmental targets for 2030. The identification of potential
solutions confirms that, among others, the reuse and distribution of by-products has
the potential to reduce the environmental footprint of AP operations in the future. This
constitutes the third and last step to validate the hypothesis. The validated hypothesis
provides an answer to the main research question: What are the possibilities for a
medium-size EII, such as Aalborg Portland, to reduce its environmental footprint to
meet the environmental targets set for the industry?
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For the identified potential solutions that rely on the increased use of by-products,
LCA models on the sourcing of by-products were developed in order to provide
guidelines to maximize environmental benefits. These models provide an answer to
sub-question 1.a: “How should a significant shift in demand for residual materials be
considered from a life cycle assessment perspective?”
These models form a conceptual framework which allow to highlight limitations
associated with the reuse of industrial by-products. The identification of limitations
answers sub-question 1.b: “Are there limits and/or obstacles to the extent IS and the
reuse of by-products in general can help achieve more sustainable levels of
operation?”
These two sub-questions are answered by the validation of the hypothesis that “IS
can help EIIs, such as cement production, to reduce their environmental footprint,
but only a wide understanding of such systems makes it possible to operate within
optimal conditions without causing environmental problems elsewhere.”
The approach used to validate the hypothesis is presented below as a series of
publications based on quantitative environmental assessments tools and simple
economic equilibrium models. The following studies were carried out:
1.

The substitution of conventional fuels: This study establishes criteria for
selecting alternative fuels to reduce GHG emissions associated with the
combustion of fuels while ensuring a net positive environmental impact
beyond the scope of the factory. This study is the object of Publication II.

2.

The substitution of raw virgin materials: This study proposes a method to
select markets for residual materials to ensure that the environmental burden
associated with the avoided waste treatment leads to a net positive
environmental impact of the sourcing operation. This study is presented in
Publication VII.

3.

The optimization of excess heat recovery: This study models the
consequences of improving the energy efficiency of the kilns by way of
excess heat recovery on the environmental footprint of cement and the
distribution of district heat. This study is presented in Publication III.

4.

The improvement of support systems: First, this study looks at the evolution
of the electricity supply mix in Denmark and how it benefited the production
of cement over the past 30 years. This study is presented in Publications IV
and V. Second, the benefit of deploying a local source of renewable
electricity generation is also looked at.
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5.

1.4.2

The understanding of the markets capacity of trade and production and the
impact on the environmental footprint of cement distribution: This study
investigates how international trade preferences and the respective
production capacity of national markets could affect the environmental
footprint of cement and proposes ways to minimize that footprint. This study
is presented in Publication VI.
APPROACH TO RESULTS DISSEMINATION

Efforts have been made to not restrain the models and results developed in this PhD
study as a series of publications but to deliver them as practical and user-friendly tools.
Therefore, a series of internal web-based applications have been developed that reflect
the data and methods used in the publications. Those tools enable decision makers
with different roles at AP to make informed decisions on shifting practices to reduce
the environmental impacts of cement production. The following tools have been
developed and made accessible online (https://rqc-app.dk/).
1.4.2.1

Conseq_waste

Based on Publication II, Conseq_waste is an interface that maps trade flows of
alternative fuels and assesses the environmental consequences of substituting
conventional fuels in cement kilns with alternative fuels, depending on the location of
the supplying market. The interface quantifies environmental impacts that follow an
increase in demand for a specific type of alternative fuel including the avoided
combustion of conventional fuel, the avoided supply of conventional fuel, the indirect
trade-induced transport operations and the avoided waste treatment activity for the
alternative fuel. This tool highlights the environmental implications of sourcing
combustible waste from undersupplied national markets.

Figure 10 Screen capture of Conseq_waste user interface
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1.4.2.2

Lca_wind_dk

Lca_wind_dk is a mapping tool for wind turbines in Denmark. It visualizes the
environmental performance of both single wind turbines and fleets of wind turbines,
according to a series of filtering criteria. For EIIs, this tool presents two relevant
aspects. First, it quantifies the benefits of the large-scale deployment of wind power
on the carbon intensity of the national supply on a product basis. Second, it provides
AP with a better-informed basis for investment in local wind turbines by precisely
quantifying the expected electricity production and reduction of the environmental
footprint on a per-ton-of-cement basis. This tool reflects the findings of Publications
V and VI.

Figure 11 Lca_wind_dk user interface: environmental performance indicators for a selected
wind turbine

1.4.2.3

EPD_view

This visualization tool allows AP to understand the competition and market demands
in terms of environmental product declarations (EPDs) on cement. The user interface
compares AP’s EPD with the EPD of more than 130 competing products. The user
can easily select specific criteria of comparison (cement class, color, country of origin,
EPD program operator, etc.). Unlike the typical, but also erroneous, comparison of
EPD on a ton-of-cement basis, this interface presents a comparative chart on a per
Mpa of 28-day strength9 basis, better reflecting the environmental impacts of products
in relation to their mechanical performances.

9

28-day strength is an indicator of the compressive strength achieved by a hydraulic cement
mixture 28 days after it has been mixed with water.
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Figure 12 EPD_view: a user interface with several comparison criteria

1.4.2.4

Excess_heat

This tool helps make better-informed decisions relating to the recovery of excess heat
from the cement clinker kilns at AP. In an initial steady-state market for district heat
in the city of Aalborg, Excess_heat calculates a market equilibrium after excess heat
is being incrementally introduced with the following information: the expected heat
recovery outputs, associated investments, maintenance and operation costs and
consequences in terms of environmental footprint reduction of the district heat on a
per-GJ-distributed basis. The increase in excess heat recovery is also expressed in
relation to the production of clinker on a per-ton-of-clinker basis, via system
expansion and energy-based allocation. The model mechanisms and assumptions refer
to Publication II. Under development.
1.4.2.5

Eco_mix

This tool provides the environmental performance of concrete following a given mix
of constituents per Mpa of compressive strength delivered. As opposed to a
comparison by cubic meter, this tool compares concrete mixes based on their
functionality and applications (ready-mix concrete, pre-cast elements). It also
considers constraints that relate to the provision of residual materials, such as fly ash
or GGBFS, thus making it possible to diverge from simplistic and questionable
scenarios in which the sourcing of residual materials does not bear any environmental
burden. Under development.
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1.4.2.6

LC_con

LC_con is a tool that helps AP’s clients to document the environmental footprint of
any specific project, to increase the environmental transparency during the project
specifications and to support green procurement practices. The tool allows the user to
specify several concrete mixes, the location of cement silos and the construction site,
and it returns an estimate of the cradle-to-site environmental footprint under several
impact categories. Under development.

1.5

STRUCTURE OF THE DISSERTATION

Chapter 2 describes the methods and tools used in the seven studies of this
dissertation. Chapter 3 summarizes the findings and their relevance to the research
questions. Chapter 4 provides the reader with a wider perspective of the relevance of
the studies for EIIs in general. This chapter also reflects on the methods used and on
the challenges that EIIs and AP face in the future. Finally, chapter 5 summarizes the
findings and answers the research questions in a structured manner.
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This chapter presents the theories, methods and tools used to answer the research
questions. The first section opens with the need for a life cycle assessment framework
to assess the environmental performance of goods or services without omitting any of
their relevant life cycle phases. The second section presents the need for an
interdisciplinary approach within the life cycle assessment framework if one intends
to capture the relevant but sometimes geographically distant environmental impacts
of a product in an increasingly complex world economy. The third section brings
clarity to the research design by clearly linking the theories, methods and tools to the
research questions. The penultimate section adds some perspective by physically
placing the studies and their respective scopes of analysis within the supply chain of
cement production. The final section provides the reader with some clarification on
the different scopes of emissions that chapter 3 refers to.

2.1

THE LIFE CYCLE ASSESSMENT FRAMEWORK

The environmental degradation associated with the provision of products or services
from energy-intensive processes can be adequately assessed with tools that rely on the
dose-response relation between emissions and mid- and endpoint recipients. The study
from Ness et al. [48] can be consulted for an overview of the main sustainability
assessment tools.
Among those tools is life cycle assessment (LCA), a quantitative assessment
framework particularly suited to measure impacts on the environment associated with
the different life phases of a product or service in relation to a functional unit. The
scientific community recognizes inherent limitations to LCA – namely, the linearity
of its structure [49], the inability to differentiate cumulative emissions over time from
large one-off emissions [50], its rather weak ability to consider toxicity-related risks
and the more recent issue of the impacts of micro-plastics on marine ecosystems.
Despite these limitations, the formalization of its methodology through the standard
series ISO 14040 to 14044 [51,52] in the late 1990s made it the tool of choice to
measure the environmental impacts of industrial activities on a service or product
basis. Life cycle assessment has also been extensively promoted by the European
Commission through the Integrated Product Policy [53]. Because it relies on a life
cycle approach, LCA includes all the relevant phases of the product system studied.
The assessment is useful when comparing alternative product systems in which
environmental impacts do not occur in the same life cycle phases. An obvious example
is an LCA of energy systems: While most of the impacts in fossil-based energy
systems intervene during the use phase, the manufacture phase is the most impactful
for renewable energy systems [54]. In regard to energy-intensive products, numerous
LCA studies covering the steel [55], cement [56–60] and petrochemical [61,62]
industries exist.
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Within the varied spectrum of LCA approaches, two main types are distinguished:
attributional LCA (ALCA) and consequential LCA (CLCA).
First, ALCA gives a retrospective picture of the average environmental impacts
associated with the realization of a functional unit by the provision of products and
services. Second, CLCA, or change-oriented LCA, quantifies the environmental
impacts associated with a change in a steady-state system, often modeled as a variation
in demand for a product or service in order to realize a given functional unit.
Models of ALCA were developed for AP for four of its main cement products [63–
66] during this PhD study, under the form of environmental product declarations
(EPDs). Conveniently, and when the model boundaries allow, LCA models of cement
can be reused as inputs to model cement sub-products, such as concrete-based road
infrastructures [67,68] or buildings [69–71], as illustrated in Figure 13.
Models of ALCA for cement supply and subsequent uses of cement in concrete
identify environmentally impactful activities along the supply chain and give a
retrospective picture over time of progress in terms of, for example, emissions per
Mpa of compressive strength for cement or emissions per square meter of elevated
surface for a concrete bridge. Moreover, ALCA has been shown to be an appropriate
tool to communicate environmental commitment in business-to-business contexts
[72] and to develop green procurement practices [73–75].
However, ALCA remains limited in its ability to support EII during the journey
toward cleaner production practices. Reaching more sustainable levels of operations
requires a prospective assessment of changes in the value chain of cement production
(e.g., adopting more energy-efficient practices, progressively switching to alternative
fuels, etc.), which ALCA seems unable to provide [76].
The scientific community generally recognizes the aptitude of CLCA to capture and
characterize changes that occur within an industrial activity onto its supply chain and
related economy as result of a decision [77]. Therefore, CLCA is deemed to be more
able to provide a sound basis for informed decision-making in a transitional context,
such as defined in this PhD study. Indeed, CLCA can provide the necessary guidelines
for AP to pursue its objective of reaching more environmentally sustainable levels of
production by assessing the consequences of an investment in cleaner technologies,
among other possibilities. This, however, requires a good understanding of how the
cement supply chain relates to other supply chains and of how changes within cement
production practices would directly affect current and new suppliers and indirectly
affect other agents in the economy.
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Figure 13 Life cycle representation of concrete products, with phase modules (A1-A3: raw
material extraction, supply and transformation, A4-A5: product distribution, B1-7: product
use, C1-4: product dismantling, D: end-of-life).

As a result, it was decided for this dissertation that such understanding would be better
obtained through the combination and integration of several disciplines in the overarching CLCA framework. The reader should note that, unless indicated otherwise,
CLCA and LCA are used interchangeably in the rest of this document.
The next sections present the need for an interdisciplinary approach and the theories
and methods used to conduct the studies and obtain the results presented in chapter 3.

2.2

INTERDISCIPLINARY APPROACH

This section presents the theories, methods and tools that were combined with the
LCA framework to answer the general research question and sub-questions of this
PhD dissertation. Section 2.1 explains how cement production steps can be modeled
as a series of independent processes receiving inputs and outputs from other processes.
These inputs and outputs are quantified using tools that belong to the realm of physical
science. The sum of these processes forms the cement product system. Section 2.1.2
explains that the cement product system is in fact part of a supply chain and that
systems theory is necessary to understand how supply chains relate to one another.
Section 2.1.3 presents the partial equilibrium models developed to assess how changes
brought within the supply chain of cement can affect the wider economy.
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2.2.1

PHYSICAL SCIENCE

In the case of cement production, the principles of physical science (e.g., laws of
thermodynamics, energy balance of closed systems) within the processes of cement
production are needed to model the following:
•
•
•

interactions between the inputs and outputs within a process,
interactions between processes,
and interactions between the outputs of processes and the biosphere
compartments (emissions to air, water and soil).

Processes are modeled as self-standing production functions that receive inputs and
deliver outputs of different natures (e.g., flows of material, energy or emissions). The
number of inputs and outputs produced are measured with meters and sensors and
stored in the production data storage solution of the company. For the flows for which
consumption cannot be directly measured, quantities consumed and produced are
deduced using day-to-day or month-to-month stock variations. For example, Figure
14 represents the connections between the processes necessary to the production of
the four main cement products of AP, namely BASIS, RAPID, LAVALKALI and
WHITE.
For some processes, the outputs are used as inputs by several processes without being
able to distinguish their respective shares. Figure 14 (red circle at the top) gives the
example of overhead electricity use. In such a case, the overhead electricity use is
partitioned among the cement products based on production volumes. Other processes
produce more than one output. Figure 14 (red circle in the middle) gives the example
of a cement clinker kiln that jointly produces white clinker and heat for the local
district heat network. When studying the white cement production activity, as
indicated by a dashed green line in Figure 14, the heat product would be placed outside
the model boundaries in the case of an ALCA. This approach would be adopted when
developing the EPD for the white cement product. In the case of a CLCA, the
(positive) environmental impact associated with the supply of heat to the local district
heat network at the margin would be subtracted to the impact of operating the white
cement clinker kiln.
The latter approach is better suited to reflect consequences following an investment
in heat recovery beyond the restricted scope of the cement factory. Process modeling,
combined with an energy flow analysis as described in the next sections, helped to
qualify and quantify the relation between the amount of the heat coproduced as a
function of investment in heat recovery equipment. However, the consequences of
introducing additional amounts of heat in the district heating network of Aalborg
would only be found by using system modeling and a partial equilibrium model, as
explained in sections 2.2.2 and 2.2.3.
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Figure 14 Representation of the sub-processes of the cement production system

The next sections present the tools and methods that have been particularly helpful to
model processes of the cement production activity and their linkages within the LCA
framework.
2.2.1.1

Mass and energy flow analysis

The concept of mass and energy flow analysis was used to map the flows of materials
and thermal energy that circulate through the different processes of the cement
production activity. The concept makes it possible to determine the location and
magnitude of material and energy losses to characterize the efficiency of the different
processes. Figure 15 represents the mass balance of AP’s WHITE cement product (the
inputs and outputs of oxygen are not displayed). Mass and energy flow analyses were
initially used for a preliminary LCA of the main cement products of AP in order to
identify areas for potential improvement.
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Figure 15 Mass flow analysis representation of AP’s WHITE production process

2.2.1.2

Proximate analysis

Proximate analyses and carbon-14 dating measurements were conducted as per EN
15440 on a series of fuels and combustible waste to quantify the net calorific value,
the moisture and ash content, the biomass content and the share of biogenic carbon of
these fuels.
Used for the needs of Publication II, proximate analyses provide the information to
model expected fossil and biogenic carbon dioxide emissions that follow combustion
and assess the substitutability of conventional and alternative fuels with one another.
Knowing the chemical properties of fuels and combustible waste help to predict the
effects of introducing fuels with higher moisture content on the overall energy
requirements and emissions of the cement clinker kiln.
2.2.1.3

Batch leaching tests on residual materials

Heterogeneous sampling of waste material for batch leaching tests were performed to
model infiltration of contaminants in substrate soil layers in landfills within a chosen
time horizon. The leaching tests were performed according to the European standard
defined in EN 12457-2, with a liquid-to-solid (S/L) ratio of 2 to 10. The results were
used to quantify toxicity-related impacts of depositing waste material in landfills. It is
used to model avoided toxicity-related impacts from diverting waste from landfills in
Publication II.
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a)

Leaching test, with a S/L = 10

b) Preparation and grinding of
municipal solid waste

Figure 16 Preparation, grinding and filtering of leachate material prior to ICP analysis
(Inductively Coupled Plasma mass spectrometry)

2.2.2

SYSTEMS THEORY

Cement production receives inputs from a physical network of material and fuel
suppliers and delivers a variety of cement products to a range of other industrial
activities. Sometimes residual heat can be recovered and reused internally or in a
nearby district heat network, such as in the case of AP, or it can be converted into
electricity. Industrial activities can be seen as systems that are part of larger clusters
of systems (i.e., supply chain), with the activities themselves exchanging and
transforming resources within a larger system (i.e., the world economy). In this
context, LCA is apt to represent a system or group of systems, static or dynamic, for
a wide array of activities, such as waste management [78], energy production [79] and
distribution [80]. However, the extent of systems that should be included in an LCA
model can only be determined by understanding how far a change to cement
production ripples throughout the network of systems it is embedded in, defined by
systems theory as a synergy that would affect an exosystem.10 The shape, extent and
behavior of this network cannot not be explained by physics alone.
Hence, while LCA provides a framework in which to model the cement production
activity, systems theory and an interdisciplinary approach are needed to define the
shape, extent and behavior of systems directly and indirectly connected to cement
production. The next two sections introduce the field of industrial ecology and the

10

An exosystem is a system different from the system initially studied.
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concept of economic equilibrium models that help define the behavior and extent of
systems.
2.2.2.1

Industrial ecology

The field of industrial ecology is based on the theory that industrial processes can
achieve the optimal use of resources by replicating natural processes [81]. Industrial
symbiosis, a sub-field of industrial ecology, is interested in a collaborative ecosystemlike approach to industrial activities, in which primary and secondary resources are
shared, resulting in environmental benefits greater than the sum of resource-efficiency
measures taken in isolation [82]. A literature review of the numerous instances of
industrial symbioses around the world, completed with interviews conducted at
Kalundborg, provided a framework of analysis for this PhD study. This framework
made it possible to pre-screen and identify beneficial synergies between industrial
entities based on the nature of the exchanges (residual materials, residual heat). In this
regard, it is also useful to understand and explain the shape of systems.
It is necessary to note at this point that, while synergies were initially defined as interindustrial collaborative efforts to reuse by-products within a relatively limited area
(i.e., the industrial area), Lombardi and Layburn [83] proposed a more encompassing
definition of this ecological metaphor. They argued that geographical proximity is
“neither necessary nor sufficient—nor is a singular focus on physical resource
exchange.” The identification of synergies, therefore, includes exchanges that occur
beyond the geographical scope of the industrial area of Aalborg.
Nonetheless, identifying such synergies and their resemblance to natural processes is
not enough to understand the extent and behavior of systems. As made apparent by
this PhD study, inter-industrial synergies of by-products may not always result in
significant reductions of environmental impacts because the environmental burden
could be shifted to some of other part of the economy due to the constrained nature of
by-products supply. Ignoring the extent of changes made within an activity and how
those changes relate to other activities can result in suboptimal outcomes. Such a
narrow focus can result in local issues being resolved but in other issues being created
somewhere else.
Several studies have addressed the issue of indirect effects that followed well-intended
measures. One known example is the development of economic and causaldescriptive models to characterize the indirect impacts associated with land use
change following the development of biofuels [84]. While biofuels were intended to
substitute for conventional fuels, the constrained availability of arable land led to
significant impacts far from where the emissions reduction was observed.
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Hence, while the framework of industrial ecology gives an explanation to the shape
of systems, this PhD study chose economic models to explain the extent and behavior
of systems.
2.2.3

PARTIAL EQUILIBRIUM MODELS

Tools and principles of physical science, including mass and energy balance, were
used to investigate areas of improvement within the cement production activity. The
principle of industrial ecology, the concept of IS and the analogy between natural and
man-made processes suggest ways that cement production, as an organization, can
cooperate with surrounding industrial organizations to reduce the amount of residual
material and heat being discarded. This section introduces the concept of resource
scarcity and shows how simple partial equilibrium models can explain the expected
behavior of markets according to whether industries make decisions to source primary
or secondary resources.
In economic equilibrium models, the economy is reduced to a system of systems.
Systems are supply chains, composed of activities linked to one another, in which the
intermediary exchanges of transformed and untransformed resources are performed
through markets. The scarcity of a given resource is defined as the gap between the
amount of resource available within that market and the demand for it. As the
availability of a resource in a market decreases, a match between the demand and the
offer is found at a higher price level, and vice versa. Such models require idealized
conditions of perfect competition [85].
While the concept of market equilibrium appears theoretical and removed from the
real complexity of markets, it is nonetheless useful to understand how the shortage in
supply for some materials can lead to dramatic price increases and how geographical
markets may play a role in imports and exports to satisfy their respective domestic
demands.
This representation of activities and supply chains as systems exchanging inputs and
outputs with one another within a grand economic system was initially introduced by
Wassily Leontief [86] with input-output (IO) tables. Refined versions of the Leontief
model were successively developed within the field of macroeconomics to study the
effect of a change in a governmental policy or the introduction of a technology in the
economy. Computable general equilibrium models (CGEMs) and partial equilibrium
models (PEMs) became widely used as computing capacity became more affordable.
While a CGEM models the entirety of the economy, a PEM adopts narrower
boundaries, limiting the analysis to one or a few sectors of the economy. The most
advanced and refined example of CGEM is likely the Global Trade Analysis Project
(GTAP) [87], maintained by Purdue University. Advanced CGEM and PEM models
essentially differ from static IO tables by giving weight to the price of resources and
including non-unitary price elasticity of demand and cross-price elasticity of demand
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between different resources. Combined with CLCA, PEM is a good approach for
identifying suppliers of a given resource or product that can answer to changes in
demand. For example, it helped Chalmers et al. [88] to quantify the environmental
implications of increasing taxes on milk products and Schmidt and Weidema [89] to
assess the consequences of shifting demand from one vegetable oil to another.
Input-output analysis and PEM are used in this PhD study to model the supply of
combustible waste, residual combustion ash, residual heat and cement. The IO model
developed for the supply of waste is explained in detail in Publication II and
essentially represents the trade of combustible waste in terms of geographical markets
and defines trade pathways depending on the location of the initial demand. The trade
pathway ends with an end-market that is deemed able to satisfy an increase in demand
from its trade partners while satisfying its own internal demand. The ability of an endmarket is based on the simplified assumption that a structural excess of waste in
comparison to the use from demand-driven activities11 may constitute a capacity of
additional supply. Affected waste treatment activities within an end-market are
identified according to their respective profitability and the market direction. In a
decreasing market for combustible waste, any increase in demand is met by diverting
waste from supply-driven activities (landfilling) during the sorting process. In
increasing markets, any additional demand is met by diverting waste from a demanddriven activity that has a lower or equal level of profitability. In the case of
combustible waste, affected treatment activities can be incineration with or without
energy recovery. Because recycling has a higher level of profitability – with the help
of subsidies and the application of fees on other treatment processes – it generally
cannot be affected by changes in demand for combustible waste.

Combustible
waste

Combustible
waste

Cement
factory

Figure 17 Input-output model to determine marginal supply routes of combustible waste.

11

A demand-driven waste treatment activity is understood as a waste-receiving process with a
level of activity correlating with the demand for a given waste-based product, typically
incineration with energy recovery or recycling. On the contrary, though, supply-driven waste
activities are waste-based processes that adjust their level of activity according to the
availability of waste, typically landfills.
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For the supply of coal combustion products (i.e., fly ash), IO tables based on the
production, trade and consumption of anthracite and bituminous coal were developed,
as depicted in Figure 18. The IO tables help to identify consumption trends for coal
for various national markets. For each national market, the supply routes for coal can
be identified and linked back to the producing market and the coal properties based
on proximate analyses provided by USGS’ COALQUAL to derive the ash yield.
Combined with the mapping of coal-fired power plants and their respective loss on
ignition, the coproduction over time of bottom and fly ash can be calculated at the
country level. It should be noted, however, that the model cannot consider the quality
of the fly ash, for which the concrete industry has requirements (especially in terms
of unburnt coal content in the ash or share of biomass-based ash). Hence, the available
volumes returned by the model are assumed to be fully reusable by the industry. The
annual amount of coproduced fly ash over time is used to derive availability trends.
Compared with national practices in terms of disposal treatment, it is possible to
identify the degree to which the marginal treatment activity is affected as ash material
is sourced from the market. Further details on the modeling are available in
Publication VII.

Figure 18 Relating the final consumption of anthracite and bituminous coal in the
Netherlands to supplying coal mines and trade partners in an IO model to derive fly ash
availability. Green circle: expressed demand. Red circles: indirect coal supply (mines).

Regarding the supply of residual heat, on the one hand, the market for district heating
is modeled as several dedicated and excess heat suppliers,12 with their respective
capacities of supply and corresponding cost levels. On the other hand, the demand is
12

Dedicated heat suppliers adjust their activity level according to the demand for heat. Excess
heat suppliers adjust their activity level according to the demand for their determining non-heat
product.
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defined as the built stock connected to the district heat system. The different heat
suppliers and their respective supply at equilibrium are illustrated in Figure 19. This
model resembles a PEM because market equilibriums for any increase in demand for
residual heat in the district heat system are determined by a match between the total
heat demand and the total heat supply, returning the intersecting price level. That
implied to know the demand and the offer curves for heat at different price levels. The
demand curve is based on a calculated price elasticity for heat demand, itself defined
by comparing the marginal cost of thermal renovation of the built stock with increases
in heating price. The supply curve is calculated as the marginal cost of investment in
heat recovery equipment among residual heat suppliers compared to increases in the
marginal income of heat sale. The reader can obtain more details on the modeling of
the district heat market by reading Publication III.

Figure 19 PEM for the district heating network of Aalborg. The percentage of heat demand
fulfilment by the heat suppliers in 2016 are indicated in orange.

Finally, the PEM developed in Publication VI that defines marginal supply routes for
cement highlights the importance of trade preferences between geographical markets
and domestic production capacity based on real trade and production data. While this
model resembles the IO trade model developed in Publication II for combustible
waste, it adapts the stepwise procedure developed by Weidema et al. [90] to identify
marginal technology, instead defining how a market responds to a change in demand
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for cement. The behavior of each national market for cement is predetermined
following the algorithm presented in Figure 20 before being connected to other
markets according to trade data, assuming an imperfect substitutability of cement
products (i.e., unitary Armington elasticities, where cement products of a given
market can substitute for one another but where their origin of supply allows them to
be distinguished from one another).

Figure 20 Algorithm to determine the behavior of a market at the margin.

However, the use of IO tables and PEM cannot pretend to deliver a truthful
representation of the complex interactions between markets, activities and consumers.
IO tables, even when combined with CLCA, are linear and unable to reflect the
marginally diminishing return of production or the diminishing marginal utility of
demand [91]. PEM and CGEM, while they can be non-linear (and are therefore
mathematically more complex to solve) still rely on simplifying economic
assumptions [92]. For example, agents are assumed to act rationally and in the view
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of maximizing utility. Moreover, the substitutability between resources is assumed to
be imperfect yet has a constant, independent and unitary elasticity of substitution,
unaffected by price changes in other markets.
Despite such flaws and limitations, these models extend the scope of analysis and
provide better-informed choices. They also extend the responsibility of decision
makers because they become aware of the consequences of a given decision on the
environment outside the walls of the factory. The term “decision” translates in most
cases as an increase in demand for a type of resource, constrained in supply for the
case of combustible waste and residual heat. The use of IO models and PEM supports
the previously stated suggestion of developing a system-wide understanding in terms
of environmental management to the current competencies of AP.

2.3

RESEARCH DESIGN

Table 2 summarizes how the proposed methods, tools and activities address the
research questions.
Table 2 Activities, theories, tools and methods to answer the research questions.
Research
questions
1. What are the
possibilities for
a medium-size
EII, such as
Aalborg
Portland,
to
reduce
its
environmental
footprint
to
meet
the
environmental
targets set for
the industry?

1.a How should
a
significant
shift in demand

Hypotheses
Industrial
symbiosis and
the practice of
reusing
byproducts from
other industries
is compatible
with
and
beneficial
to
EII operations,
and
such
industries are
often at the
heart of most IS
systems.

Industrial
symbiosis can
help EIIs, such

Required
activities
Review of past and
current industrial
symbiosis cases.

Theories

Methods, tools

Industrial ecology

Interviews,
literature review

Laws
of
thermodynamics

Life
cycle
assessment,
mass
flow
analysis, energy
flow analysis,
mass and energy
balance

Systems
theory,
theory of partial
equilibrium,

Consequential
life
cycle
assessment,

Analysis of current
synergies at AP.
Identification of IS
drivers and barriers
present in Aalborg.
Identification
of
environmental
hotspots in the
cement production
activity of AP.
Analysis of the
evolution
of
contributing
processes to GHG
emissions over time
and linking to
ongoing synergies.
Investigating the
potential
for
substituting
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for
residual
materials
be
considered
from a life cycle
assessment
perspective?
1.b Are there
limits
and/or
obstacles to the
extent IS and
the reuse of byproducts
in
general
can
help
achieve
more
sustainable
levels
of
operation?

as
cement
production, to
reduce
their
environmental
footprint, but a
wide
understanding
of such systems
is required in
order
to
operate within
optimal
conditions
without
causing
environmental
problems
elsewhere.

conventional fuels
with
alternative
fuels.

Armington
elasticities

Investigating the
potential
for
increasing excess
heat recovery rate.

Investigating the
potential
for
securing residual
combustion ash.
Analysis of waste
markets and trade.

Investigating the
potential for the
decarbonization of
the
electricity
supply (local and
national)
Analysis of wind
power deployment
over time.

2.4

Systems theory

input-output
tables, stepwise
procedure
to
identify
marginally
affected
activities
Interviews,
partial
equilibrium
model, stepwise
procedure
to
identify
marginally
affected
activities,
consequential
life
cycle
assessment
Input-output
tables, stepwise
procedure
to
identify
marginally
affected
activities,
consequential
life
cycle
assessment
Consequential
life
cycle
assessment

A SUPPLY CHAIN PERSPECTIVE

Figure 21 illustrates the scope within the cement supply chain that each study and
corresponding publication addresses. It also indicates the methods and tools used and
the relevant environmental impacts that were identified. Publication I reviews cases
of IS and draws a connection between AP and the surrounding industries in Aalborg.
It highlights the benefits of IS in regard to limiting resource depletion within an
industrial area. Publication II addresses the issue of the constrained availability and
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transportation of alternative fuels as means to replace coal and petroleum coke to
produce clinker. The environmental aspects of relevance are the impacts of the
depletion of non-renewable resources, global warming, acidification and ozone
depletion. Non-renewable resources and global warming are linked to the combustion
of fossil fuels, and acidification is associated with the transportation of cement.
Publication III presents the potential of excess heat recovery from clinker production
to reduce the supply of heat from the local coal-fired heat and power plant. In that
respect, global warming and the associated GHG emissions are the main concern.
Publications IV and V assess the benefits of electricity decarbonization, achieved
through national and local wind power deployment in Denmark, on the GHG
emissions of cement grinding. Publication VI proposes a trade-based approach to
model the environmental impacts of cement distribution. The study associated with
Publication VI also shows that impacts related to acidification and ozone depletion
can be significant due to demand-induced transport operations. Global warming is
also of interest in this publication because it strongly relates to product loss during
distribution. Finally, Publication VII addresses issues that arise when sourcing
increasingly scarce by-products (in this case, coal fly ash) to substitute for clinker in
cement or for cement in concrete. This study focuses primarily on the methodological
aspect of modeling the sourcing of residual materials rather than on assessing its
impacts. The relevance of fly ash regarding GHG emissions is, however, discussed.
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Figure 21 Research studies and their scope of analysis in the cement supply chain.
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2.5

DIFFERENT SCOPES FOR EMISSIONS REPORTING

A clarification of the scope of emissions reporting is needed before presenting the
results in the next chapter. Organizations and international standards have developed
different definitions of the scope of emissions over time. The WBCSD and the World
Resources Institute have jointly developed a series of standards under the Greenhouse
Gas Protocol to set commonly agreed scopes for emissions reporting for the industry
[93]. These are the same scopes used by the European Commission and the EU ETS.
Three emissions scopes are defined as follows:
•
•
•

Scope I gathers direct GHG emissions, such as process, fugitive, stationary
and mobile combustion emissions measured within the factory gates.
Scope II accounts for indirect energy-related GHG emissions such as
electricity production, transformation and supply.
Scope III includes emissions from activities that occur as a consequence of
the operation of the factory. It directly includes raw material supply but
indirectly involves many other activities.

In theory, the combination of those three scopes should equal the sum of emissions
observed at the global level. Figure 22 illustrates the different emissions reporting
scopes in relation to the value chain of cement production.
In addition to those emissions scopes, standards for environmental assessment tools
that calculate emissions in relation to a product, such as LCA, have also developed
boundary definitions for modeling activities in the supply chain. For example, the
cradle-to-gate scope accounts for emissions from activities involved in the raw
materials supply through the product being made available at the factory gates. This
corresponds to modules A1 to A3 in Figure 22. More comprehensively, the cradle-tograve scope extends the system boundaries much further, even including the potential
treatment activities performed on the discarded product. This corresponds to the
modules A1 to D.
Because industrial activities are tightly and globally interlinked via extended supply
chains, the scope of emissions is as wide as the world economy itself. Nevertheless,
industries are often only benchmarked according to the emissions scopes I and II,
omitting all other emissions occurring in the rest of the economy as a result of their
operations.
Hence, in the results chapter, the measured and potential reductions of the GHG
emissions of the AP cement factory are expressed in regard to the emissions scopes I
and II because these are the scopes used to define the environmental milestones
expressed by the WBCSD’s CSI and by the European Union. However, any potential
emissions reduction solution presented is modeled from a cradle-to-gate scope in
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reference to a ton of cement to ensure that any benefits perceived in Scope I or II
would not lead to increased emissions elsewhere in the economy (i.e., in the emissions
scope III). To simplify the terminology of emissions scopes, Scope I and II emissions
are hereafter referred to as direct13 emissions. Scope III emissions are referred to as
indirect emissions.

The cradle-to-gate scope of LCA would
encompass emission scopes I, II and III.

Scope III: emissions from raw
materials supply and other activities
involved as a result of operating the
cement factory.

Scope
emissions
relate
the to the
ScopeIIII:
emissions
related
indirect
generation,
generation,
transformation and
transformation
and(e.g.,
supply
of
supply of energy
electricity).
energy, e.g. electricity.

Figure 22 Different scopes commonly used for GHG emissions reporting.

13

It could be argued that emissions that relate to electricity generation are not under the direct
control of the cement factory. Nevertheless, the final use of electricity occurs within the factory
gates.
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3 RESULTS
This chapter first presents the results of the cradle-to-gate LCA of AP’s main cement
products. With the main contributing processes identified, the second section reviews
the areas of improvement in terms of direct GHG emissions between 1980 and 2017.
In addition, several measures are presented that could potentially further reduce
direct GHG emissions by 2030. Thereafter, the next sections individually describe
these measures and the aspects that must be considered in order not to increase
indirect GHG emissions.

3.1

CRADLE-TO-GATE LIFE CYCLE ASSESSMENT

Highlights
• LCA of the four main cement products was conducted to identify
environmental hotspots
• Direct and indirect emissions from the clinker production process result
in the highest impacts in all categories, along with electricity supply.
• Direct GHG emissions per ton of cement is a good indicator of the overall
environmental footprint of cement production in other impact categories,
except for toxicity-related impacts.
• Pathways to reduce direct GHG emissions per ton of cement are
suggested.
Figure 23 presents the results of the cradle-to-gate LCA of the four main cement
products of the factory, with a functional unit of supplying one ton of cement at the
factory gates. The four cement products represent over 95% of the total cement
production of AP. The material, energy and emission inventories of the cement
products are characterized against a set of impact categories developed by Leiden
University [94], expressed with midpoint indicators.14 Four key points can be drawn
from these results:

14

As opposed to endpoint indicators, midpoint indicators represent the contribution of the
functional unit to an environmental mechanism. For example, the midpoint indicator of the
abiotic resource depletion impact category is kg of antimony. Antimony is among the rarest
metals on Earth. The pressure of the inventory of the product system exerted on the remaining
reserves of rare metals is expressed in relation to the estimated scarcity of antimony. Endpoint
indicators are rather damage-oriented. An example of an endpoint indicator is damage to natural
ecosystems. While midpoint indicators rely on observed dose-response relations between the
point of emission and the environmental effect, endpoint indicators include, to some extent,
value-based choices.
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1.

2.

3.

4.

The clinker production process, via its direct emissions, dominates three of
the six impact categories presented. Sixty percent of these emissions
originate from the calcination of limestone and the other 40% from the
combustion of fuels. The supply of electricity is present in all but one impact
category, namely ozone depletion potential.
For the impact categories in which the clinker production process does not
dominate, such as ozone depletion potential, eutrophication potential and
depletion of fossil fuel reserves, the impacts originate instead from the
preparation of fuels needed to operate the cement clinker kiln. More
specifically, the refining of crude oil from which petroleum coke is derived,
the mining of coal and the disposal of mine waste are responsible for most
of the above-mentioned impacts.
To a smaller extent, the sea shipping of petroleum coke and coal contribute
to impacts in terms of acidification along the coastlines and the formation of
photochemical ozone in the troposphere.
Road transport operations and raw material extraction activities play a minor
role in the impact categories considered. This corresponds to the findings of
Feiz et al. [95] in their LCA study of three CEMEX cement plants in
Germany.

The strong relation between the clinker production process and the midpoint
environmental impacts presented result in the following suggestions:
1.

Efforts to reduce the cradle-to-gate impacts associated with the production
of cement should focus on the production of clinker. This can be done by (i)
increasing resource efficiency by reducing the need for fuel and supply
thereof, (ii) replacing the supply of coal and petroleum coke with alternative
fuels to reduce the impacts associated with the extraction and preparation of
fuel as well as to reduce GHG emissions from the fuel combustion, (iii)
increasing the share of biomass in the alternative fuels and (iv) reducing the
amount of clinker in cement while maintaining the final strength of the
product. These pathways for GHG emissions reduction correspond well to
four of the five emissions reduction drivers identified by Wang et al. [96].
The remaining driver identified by Wang et al., the cement production
activity effect, relates directly to reducing the need for cement in concrete
structures.

2.

More than 90% of GHG emissions are direct, even when excluding the
generation of electricity. Virtually all direct GHG emissions originate with
the production of clinker.

All five non-global warming impact categories are positively correlated with global
warming impacts. The production of clinker and its direct impact on GHG emissions
represent most of the global warming impacts of the product system. Therefore, a
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GHG emissions factor per ton of cement is a useful indicator for other impact
categories for AP to determine the overall environmental footprint of the product
system.
Using the global warming impact indicator as a proxy for other impact categories
should be nuanced with the fact that toxicity-related impact categories, such as human
toxicity or marine and freshwater toxicity may not have a strong correlation with
global warming impacts. These impact categories are not displayed in Figure 23, but
human toxicity impacts, notably the respiratory effects of emissions, can be worsened
as a result of quarrying aggregates and sand because of human exposure to fine dust
emissions, for example. Similarly, impacts linked to the depletion of abiotic resources
(i.e., rare metals) are sensitive to the use of certain metals in the infrastructures of the
cement factory (notably in the cement clinker kilns). Nevertheless, it is important to
mention that these impacts remain largely unaffected by potentials efforts to reduce
the GHG emissions of cement production.
As the processes contributing to direct GHG emissions are identified above for each
cement product within a cradle-to-gate scope, the next section presents the historical
development of factors that have affected these processes between 1980 and 2017 –
and their potential evolution until 2030.
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Figure 23 Life cycle assessment results for 1 ton of cement product, cradle-to-gate
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3.2

DIRECT GREENHOUSE GAS EMISSIONS FROM 1980 TO
2030

Highlights
• Direct GHG emissions per ton of cement have been reduced by 37% and
26% for grey and white cements, respectively, from 1980 to 2017. On a
per Mpa of 28-day strength, the emissions have been reduced by 50% and
37%, respectively.
• The cumulated reduction of GHG emissions during that period represents
15 million tons of CO2-eq.
• The factors that have contributed to the emissions reduction per ton of
cement are the use of alternative fuels, the introduction of biomass in
those alternative fuels, the decarbonization of national electricity and the
recovery of excess heat. In addition to the factors already mentioned, per
Mpa of 28-day strength, an increase in cement strength and a decrease in
the clinker-to-cement ratio also have contributed significantly.
• A list of measures is proposed to further decrease the GHG emissions per
ton of cement by 14% and 15% by 2030 for grey and white cements,
respectively, compared to 2017 levels.
This section presents the direct GHG emissions factors for grey and white cements
between 198015 and 2017. These emissions correspond to the scopes I and II according
to the GHG Protocol. Although emissions associated with electricity production
contained in Scope II are not directly controlled by the organization, the use of
electricity is controlled. Scope III emissions, or indirect emissions, which essentially
encompass all other emissions occurring because of cement production, are not
included in the figure. Keeping the focus on direct emissions visualizes the share of
GHG emissions the cement factory can affect via the adoption of cleaner production
practices.
Figure 24 shows the evolution of the direct GHG emissions factor per ton of grey and
white cement and per Mpa of 28-day strength.
The chosen metric of kg of CO2-eq. per Mpa is not common within the industry, but,
as an intermediary product, it measures the environmental performance of cement
based on the delivered function – that is, its capacity to bear load. Most countries have
a minimum legal content of cement paste in concrete, but for the majority of
applications, concrete compositions are specified according to the load bearing
capacity the concrete structure should reach. In some applications, however, such as
15

1980 is the earliest year for which data could be retrieved.
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infrastructures, the concrete composition is specified according to its durability, and
therefore contains more cement than needed to ensure structural strength (personal
communication, Jesper S. Damtoft, June 2018). This means that the strength of
cement generally determines the amount needed per unit of volume of concrete to
reach a given final strength in the load-bearing elements, with a few exceptions.
Moreover, different strategies in terms of product development at AP have led to
variations in clinker reactivity and concentration in cement. Damineli et al. [97] had
the same approach when developing the CO2 intensity index of concrete, expressing
GHG emissions per Mpa of strength in concrete. As a result, the respective 28-day
strength of grey and white cements have increased by 26% and 17%, respectively,
from 1980 to 2017. Focusing on mass as a basis of comparison would neglect the
contribution of strength development in improving the environmental footprint of
cement. However, solely focusing on a strength-based indicator is not sufficient
because the cement content in some concrete applications are driven by durability.
Hence, considering both indicators seems relevant.
Aalborg Portland has reduced its GHG emissions factor per ton of grey and white
cement by 37% and 26%, respectively, from 1980 to 2017. This translates into an
annual average emissions reduction rate of 1.2% and 0.8% over that period. When
considering the efforts in developing the strength of grey and white cements, the
reduction in the GHG emission factor per Mpa of 28-day strength is 50% and 37%,
respectively, in that same period. This is due to the development of both a more
reactive clinker and a relatively unchanged clinker-to-cement ratio.
Consequently, the emission of 15 million tons of CO2-eq. has been avoided as a result
of developing different parameters affecting the GHG emissions intensity of cement
production. This corresponds to about seven years of emissions or 40% of the
country’s annual direct GHG emissions. The parameters that have contributed
significantly to this reduction are the following:
•

•
•
•

Energy efficiency of the grey cement clinker kiln: 45% of the avoided
emissions has resulted from improvement in the energy efficiency of the grey
cement clinker production process, most notably with the installation of a
kiln equipped with a modern two-stage preheater cyclone in 1987.
Decarbonization of electricity: 31% of the emissions reduction has resulted
from the development of renewable sources of electricity in the national grid,
notably wind power.
Excess heat recovery: 15% of the emissions reduction has resulted from the
recovery of excess heat from the white clinker production process.
Alternative fuels: 9% of the observed reduction in emissions has resulted
from the progressive introduction of biomass in the fuel mix to produce
clinker.
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3. RESULTS

Finally, significant improvements in both kg CO2-eq. per ton of cement and in kg
CO2-eq. per Mpa of 28-day strength are due to other factors. In the former case, this
is mostly explained by the progressive decrease of the clinker content in the cement
(from 95–97% in the early 1980s to a current average of 85%). In the latter case, the
improvement is explained by the increase in strength of the cement products over
time: from 53 Mpa in 1980 to 67 Mpa in 2017 for grey cement products. Similarly,
the strength of white cements products increased from 62 Mpa in 1980 to 72 Mpa in
2017.
This contrasts with the findings of Ammenberg et al. [44] and their study of the cement
product portfolio of CEMEX in Germany. They indicate that the GHG emissions
factor per ton of cement was reduced by half between 1997 and 2009. However, 90%
of that reduction was achieved by decreasing the amount of clinker in cement by way
of adding clinker substitutes. While this seems significant, it also highlights the
relevance of indicators such as the GHG emissions factor per Mpa of 28-day strength
in determining the effect of clinker substitutes on the final strength of the product.
This would make it possible to benchmark the GHG emissions of cement products
over time based on their functionality, rather than merely mass. Such reduction also
relies on the assumption that the clinker substitute, a by-product of the steel industry,
is free of environmental burden. Such common assumptions are questioned in section
3.6 of this chapter.
In accordance with internal objectives at AP, realistic measures were investigated
during this PhD study. Those realistic measures make it possible to reach a 14% and
15% reduction of direct GHG emissions per ton of grey and white cement,
respectively, from 2017 to 2030. The reduction potential per Mpa of 28-day strength
is of the same magnitude. These measures and their respective contribution to
reducing GHG emissions are illustrated on the right side of the vertical dashed red
line in Figure 24. These measures consist of the following:
1.

2.

3.

4.

Improving the fuel efficiency of the grey clinker production process: Due to
disturbances and stops of the production line, the energy efficiency of the
grey kiln has dropped in recent years. The objective is to reach an energyefficiency rate comparable to that of 2012 by 2020.
Increasing the substitution of fossil-based fuels with alternative fuels: The
objective of substituting fossil-based fuels with alternative fuels by 60% and
20% needs to be reached by 2030 for grey and white clinker, respectively, at
an annual growth rate of 1.5%.
Increasing the share of biomass in alternative fuels: The share of biomass in
alternative fuels for the grey clinker production process should reach 50% of
the mass, on as-received basis, by 2030. The share of biomass in alternative
fuels used for white cement is already 100%.
Implementing a local source of renewable electricity: Five 3-MW wind
turbines should be installed by 2020, and another five by 2025.
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5.

Increasing the rate of excess heat recovery: The rate of excess heat recovery
on the white clinker kiln should reach 28% by 2030, and the recovery of
excess heat should be implemented on the grey clinker kiln by 2022, at a
recovery rate of 13%.

The LCA models and tools presented in the next sections of this chapter provide AP
with guidelines to ensure that the environmental targets are reached without increasing
(indirect) environmental impacts in the emissions Scope III.
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Figure 24 Direct GHG emission factors for grey and white cement and contribution analysis.
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3.3

ENERGY-INTENSIVE INDUSTRIES AT THE HEART OF
INDUSTRIAL SYMBIOSIS

Highlights
• Historically, the cement industry has been present in numerous cases of
IS.
• The area of Aalborg has been identified as an emerging case of IS.
• AP, through the numerous synergies it is engaged in, indirectly avoids the
emission of 430,000 tons of CO2-eq. every year, which represents 18% of
its annual direct emissions.
The literature review conducted in Publication I presents the concept of IS and the
practice of reusing by-products as key to reducing the environmental footprint of
heavy manufacturing. The cases reviewed include a pharmaceutical products
manufacturer, an enzyme producer, a crude oil refinery site, a combined heat and
power plant and a cement factory. First unveiled in Kalundborg in the literature, cases
of IS have also been documented in other places. A distinction has been made between
spontaneous and planned industrial symbiosis cases [98]. Most successful cases of IS
began as spontaneous and uncoordinated collaborations, eventually maturing into
conscious and organized systems, in which the concept of by-product exchanges
became encouraged and facilitated by institutions. For a descriptive list of examples
of IS with their respective levels of coordination and institutionalization of by-product
exchanges, the reader can refer to [98]. In this study, Chertow reviewed ten instances
of self-organizing IS systems; in half of them, cement production facilities actively
engaged in synergies.
In the context of the industrial area of Aalborg, many drivers have previously been
identified in other cases of IS. The industrial area of Aalborg would be qualified as an
uncovered instance of IS according to the classification of Chertow [98]. Patterns of
synergies between industries that belong to different sectors are easily identified.
These synergies have existed for decades and are the sole product of private
transactions. As an uncovered instance of IS, the environmental benefits of these
synergies have only been documented recently. However, the industries involved in
these exchanges have not fully recognized these synergies as cases of IS. Furthermore,
partnerships between the local university, the Municipality of Aalborg and the
surrounding industries have emerged with the aim of multiplying those synergies –
for example, the ongoing Miljø++ project [99].
Most of the synergies mapped in Aalborg are centered around the exchange of energy,
either in kinetic or potential form. Besides drivers of an economic nature (e.g., the fee
on the disposal of waste or avoiding the purchase of virgin material), the following
facilitating mechanisms are found in Aalborg: physical infrastructures for the share of
resources, diversity in industry and minimum competition, flexibility of regulation,
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bottom-to-top participative management, common communication platforms and
willingness to investigate potential synergies.
Eight out of ten synergies identified by the author in the industrial area of Aalborg
involve the cement factory. Table 3 lists the synergies currently existing between AP
and local and distant industries that involves the exchange of material and energy byproducts. The last column of Table 3 indicates the GHG emissions avoided as a result
of reusing by-products.
Table 3 Current local and distant synergies that involve AP
Type

Synergy

Description

Alternative

Annual
avoided
impacts

Energy

Refuse-derived
fuel

Residual material fraction 2,576 TJ
(combustible waste) from
material recovery facilities
to replace conventional
fuels (petroleum coke)

Petroleum
coke

178,000
tons
of
CO2-eq

Petroleum
coke

3,700 tons
of CO2-eq.

Meat and bone Animal meal to replace 33,8 TJ
meal
conventional
fuels
(petroleum coke, coal)

Petroleum
coke,
bituminous
coal

3,770 tons
of CO2-eq.

Excess heat

Recovery of residual heat 1,200 TJ
from the production of
white clinker to supply the
local
district
heating
network

Heat
from 240,000
coal-fired
tons
of
combined heat CO2-eq.
power plant

Cooling
(planned)

Extraction
of
low- Unknown
temperature medium from yet
the limestone quarry to
supply the local hospital

ElectricityUnknown
based
air yet
conditioning

Supply of limestone slurry 57,200
to the local coal-fired power tons
plant in exchange for the
desulphurization
of
gypsum.

Natural
gypsum

Supply of fly ash from the 235,000
local coal-fired combined tons
heat power plant.

Virgin source Hard
to
of aluminum estimate.
oxide
(bauxite).

Dried
sludge

sewage Dried sewage sludge from 32,3 TJ
the
local
wastewater
treatment plants to replace
conventional
fuels
(petroleum coke)

Material Desulphurization
gypsum

Fly ash

Annual
quantity
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Iron oxide

Residual material from the 45,000
production of sulfuric acid tons

Virgin source Hard
to
of iron oxide.
estimate.

Dredged sand

Sand dredged to clear the 79,000
fjord.
tons

Excavated
sand

960 tons of
CO2-eq.

In total, the current synergies between industries and AP prevent the further release
of approximately 430,000 tons of CO2-eq. every year in the emissions scope III, which
corresponds to 18% of the 2017 GHG emissions of the cement factory.
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3.4

REUSE OF INDUSTRY BY-PRODUCTS AS ALTERNATIVE
FUELS

Highlights
• The energy demand for the grey and white cement product systems rely
predominantly on fossil fuels.
• The use of alternative fuels (combustible waste) reduced the direct GHG
emissions associated with fuel combustion by 18% between 1990 and
2017 at a rate of 0.8% per percentage point of fuel substituted.
• To fulfill the objectives of 60% and 20% of fuel substitution rate for grey
and white cements, an additional supply of 2,190 TJ of alternative fuel is
required.
• The sourcing and use of 2,190 TJ of alternative fuels in place of
petroleum coke avoids the emissions of 149,000 tons of CO 2-eq.
• However, this only holds true if the alternative fuels are sourced directly
from an end-market – that is, a market that can satisfy an increase in
demand for combustible waste by diverting it from supply-driven
treatment activities (e.g., landfill).
• In the opposite case, sourcing combustible waste from undersupplied
markets has led to an increase of emissions associated with indirect
emissions from transport operations (+11%).
• Recycling and incineration practices have increased over time in Europe.
• It may be challenging in the future to source high-quality biomass-rich
combustible waste.
The reuse of industrial combustible waste – a by-product from material recovery
facilities – as an alternative to conventional fuels has been increasingly observed in
the power and cement sectors. For example, the imports of combustible waste to
undergo energy recovery in Germany went from 0.7 million tons in 2011 to reach 1.7
million tons in 2015 [100]. This decreased the demand for fossil-based fuels while
reducing the amount of waste material deposited in landfills [101]. Typically, such
mixed fuel material contains a non-negligible share of biomass, with carbon of a
biogenic origin. For the same amount of energy delivered, alternative fuels replace
the emissions of fossil-based carbon dioxide emissions with biogenic-based carbon
dioxide emissions that do not to contribute to the long-term radiative forcing of the
atmosphere and that are not characterized as GHG emissions [102].
In line with the above-mentioned examples of synergies that involve the reuse of byproducts as alternative fuels, AP has extensively developed similar practices. The
primary energy flow analysis of one of the main cement products of the company is
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shown in Figure 25. Most of the primary energy is needed for stationary combustion
within the factory. More precisely, the cement clinker kiln needs to reach a
temperature of 1450 degree Celsius to produce clinker, the binding ingredient of
cement. Figure 25 shows that the share of primary energy demand that stems from
fossil sources still dominates the grey cement production system. The predominant
use of fossil fuels is also observed in other cement products. Hence, there is still room
for improvement. The further reuse of by-products as fuel could substantially decrease
the GHG emissions factor per ton of grey cement at a rate of 0.3% per percentage
point of fuel substitution.

Figure 25 Energy flow analysis of grey BASIS cement, in MJ of primary energy.

Figure 26 shows the evolution of GHG emissions associated with the combustion of
fuels for grey clinker production. Blue vertical bars represent GHG emission from
fuel combustion per ton of grey clinker produced for AP. The dark blue line represents
the environmental targets set by the Paris Agreement in relation to AP fuel emissions.
Yellow dots represent the average fuel emissions per ton of clinker for the EU-28
cement producers. The orange line represents the environmental targets set by the
Paris Agreement in relation to the average EU-28 cement producers fuel emissions.
As the figure indicates, the fuel substitution rate for grey clinker went from 18% in
2008 to 46% in 2016. This has led to reduce GHG emissions from the fuel combustion
per ton of clinker produced by 18% compared to 1990. Since 1980, the use of
alternative fuels for both grey and white cement products have helped reduce the GHG
emissions of the cement factory by 1.3 million tons of CO2-eq.
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As pointed out in Section 3.1, an internal target of 60% and 20% of fuel substitution
for grey and white cement products respectively has been agreed upon.

Figure 26 Grey clinker GHG emissions from fuel combustion for AP and the average EU-28
cement producers.

Increasing the fuel substitution rate with alternative fuels is not merely a question of
sourcing discarded materials. Publication II details the implications of increasing the
sourcing of alternative fuels.
First, in the case of a process in which the combustion residues remain in the final
product, such as when burning fuel to produce clinker, certain limitations exist: The
chemical composition of the residue material, notably the presence of chlorine or
heavy metals in cement production, may alter the performance of the product [101].
Second, the ability of combustible waste to substitute for conventional fuel needs be
considered. Alternative fuels have a varying composition of ash and moisture that can
negatively affect the productivity of the receiving process, compared to conventional
fuels which are more stable in terms of quality. Ceteri paribus, combustible waste
with a high moisture or ash content requires larger quantities to be supplied for a given
amount of thermal energy provided. In Publication II, production performance data at
the cement kiln level revealed production losses as combustible waste was
incrementally introduced. This was due to high moisture content, variability in lower
heating value and high ash content. Those productivity losses eventually had to be
compensated for by the purchase of clinker from other cement factories, leading to
additional GHG emissions and costs. Hence, the combustible waste selection criteria
have to reflect environmental impacts associated with the production and supply of
foreign clinker if they lead to a loss in productivity. Therefore, the use of a biomassrich combustible waste with a high moisture content can indirectly lead to more
emissions than a drier combustible waste primarily composed of plastics. First, a high
moisture content of the fuel would lead to productivity losses that need to be
compensated. Second, such moisture on the fuel would also increase emissions
associated with transport because more fuel would be needed to deliver the same
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amount of energy. However, a recent investment in a better-performing calciner
significantly reduced the sensitivity of the cement clinker kiln in that regard.
Nevertheless, such causal relation is important to consider for EII when increasing the
use of combustible waste.
Third, as Publication II discusses, the sourcing location of combustible waste can
greatly affect the overall environmental benefit of the operation. Sourcing
combustible waste in an undersupplied market triggers additional trade operations that
can reduce the environmental benefits from avoided GHG emissions by up to 20% in
extreme cases. Inversely, sourcing waste material from markets in which the thermal
treatment capacity is under-developed or in which the incentives to avoid depositing
waste are high simply diverts material from landfills.
Finally, the avoided waste treatment activity and associated environmental impacts
that result from rerouting combustible waste toward one’s own process should lead to
a net environmental gain. In a worst-case scenario, withdrawing combustible waste
from an end-market to substitute the need for petroleum coke in a cement factory may
affect a public incineration plant. If the affected incineration plant coproduces heat to
supply a district heat network, an equivalent supply of heat must be accounted for as
a result of sourcing the combustible waste. To do so, the marginal technology for heat
production in the end-market must be investigated. In a best-case scenario, diverting
waste material from an end-market would simply affect the amount being supplied to
landfills. In such a case, the avoided emissions of carbon dioxide and the avoided
carbon sequestration in the soil should also be modeled along with the sourcing of
combustible waste. Imperfect market conditions combined with a large increase in
demand for combustible waste and a decrease in gate fee at the factory or incinerator
gate can distort the relation between price and the value recovery potential of the
waste. This can lead to situations where potentially recyclable waste is sold as
combustible waste [101].
3.4.1

INCREASE OF THE FUEL SUBSTITUTION RATE

The cement factory found that 60% and 20% could be technically achieved as the fuel
substitution rate for grey and white cement production, respectively. This would
represent the additional sourcing of 2,190 TJ of alternative fuels per year to the 3,038
TJ of alternative fuels currently sourced. To maximize the environmental benefits of
the fuel switch, selection criteria established in Publication II and described above
should be followed. Besides the combustible waste quality and ability to substitute
conventional fuels, it is paramount to source the material as close as possible to an
end-market with the structural excess of waste being landfilled.
The LCA-based model and tool developed for Publication II, Conseq_waste,
characterize the environmental impacts associated with a change in the clinker
production fuel mix, with a functional unit of one ton of clinker. Conseq_waste
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indicates that an increase of the substitution of U.S. average petroleum coke in the
fuel mix with a combustible waste that has a lower heating value of 18.8 MJ/kg, 12.7%
moisture, 10.3% ash and a biomass content of 33% on a dry and ash-free basis,
sourced from an end-market, could prevent further emissions of 149,000 tons of CO2eq. and divert over 116,000 tons of waste from landfills, considering the entirety of
the annual clinker production. This is indicated by Figure 27. In such a case, emissions
associated with indirect road and sea transport are kept to a minimum because the
increase in demand for combustible waste does not lead to the internal demand of the
end-market being displaced toward imports. Besides a reduction of global warming
potential impacts, human toxicity, stratospheric ozone depletion and eutrophication,
other impacts are also greatly reduced because of avoided sea transport operations.
Avoiding landfilling reduces impacts related to land occupation, the emissions of
respiratory inorganics, smog formation and the contamination of the subgrade soil
layers.
The same fuel substitution scenario with combustible waste sourced from an
undersupplied market, such as Denmark, would lead to a reduction of GHG emissions
11% lower (139,000 tons of CO2-eq. saved) than the scenario presented above, where
the combustible waste is sourced directly from an end-market. The fuels’ properties
are similar, and the amount of waste diverted from landfills is the same. The difference
is explained by additional emissions of 12,620 tons of CO 2-eq. from indirect sea
transport operations and 3,900 tons of CO2-eq. from indirect road transport operations
needed to reach the following end-markets, in descending order of indirect supply:
United Kingdom (98.4%), Ireland (1.5%) and others (Belgium, Austria and Italy).

69,085 tons of U.S. petroleum
coke

106,468 tons of waste

697 million ton-km

125 million ton-km

100 ton-km

53,000 ton-km

-149,000 tons CO2-eq.

Figure 27 2,190 TJ of fuel switch from U.S. petroleum coke to a refuse-derived fuel that
originates an end-market.
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3.4.2

DEVELOPMENT OF INCINERATION AND RECYCLING IN
EUROPE

The amount of municipal and industrial waste in Europe (MSW) decreased at an
annual average rate of 0.6% from 2007 to 2016. Comparatively, the amount of waste
that was landfilled, incinerated with energy recovery and recycled followed an annual
growth rate of -5.8%, +5.8% and +1.9%, respectively, during that same period, as
illustrated in Figure 28.
As the amount of MSW generated decreases and the practice of incineration and
recycling increase, the competition for such resource inevitably intensifies in Europe.
Traditional combustible waste exporting markets, such as the United Kingdom, have
already begun to rapidly develop a domestic incineration capacity, as shown in Figure
29.a.
In the mid-term, provided an increase in landfill fees in all European countries, the
demand for combustible waste may be redirected toward smaller markets where MSW
is still predominantly landfilled, such as Slovenia or Romania (see Figure 29.b and c).
In the long term, as those markets catch up in terms of waste sorting, domestic
incineration and recycling capacities, the demand may shift toward newer waste
markets with a structural excess of waste landfilled outside the European Union, such
as in Turkey (see Figure 29.d).

Figure 28 Distribution of MSW treatment activities in EU-28.
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a)

United Kingdom

c)

b) Slovenia

Romania

Composting and digestion

d) Turkey

Incineration with energy
recovery

Landfill

Recycling

Figure 29 Municipal and industrial waste treatment by activities in EU-28

The relation between the sourcing distance for combustible waste and the avoided
impacts from the fuel substitution should be looked at in the future. While local
sourcing is not necessarily a good option if the market is undersupplied, very long
distances of transport could partially offset the benefits from the reduced use of fossil
fuels.
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3.5

THE RECOVERY OF RESIDUAL HEAT

Highlights
• The current excess heat supply to the local district heat network can be
doubled by reducing the supply temperature to 70 degrees Celsius
(instead of 74) and by recovering the excess heat from the grey cement
clinker kiln.
• This represents an additional supply of 1,250 TJ of heat.
• This would lead the dedicated heat supplier, a local coal-fired combined
heat and power plant, to reduce its supply, thereby avoiding the annual
emission of 275,000 tons of CO2-eq.
• This would also reduce the GHG emission factor for grey and white
cements by 6% and 3.5% by 2030. It would also reduce the GHG
emissions factor for one gigajoule of distributed district heat in Aalborg
by 27%.
Aside from minimizing the (fossil) carbon intensity of the fuel intake, this section
presents some of the results of Publication III. This study investigated the recovery
of the heat by-product jointly produced with cement clinker as a means to increase the
energy efficiency of clinker production.
The production of clinker is the most energy-intensive process in the cement
production system; as such, the process is responsible for close to 90% of the GHG
emissions per ton of cement, grey or white, as indicated by the EPD developed for AP
products [63–66]. The production of clinker consists roughly in the calcination of
limestone at 1,450 degrees Celsius. The production of one ton of grey clinker requires
about 4 GJ of energy, and about 8 GJ for white clinker.
While ongoing projects are undertaken by AP to study ways to reduce the fuel intake
and maintain production output, this study focused on energy recovery and its effects
from a system perspective.
Recovering energy to be fed into another purposeful process decreases the
environmental burden associated with clinker production by way of system expansion.
System expansion is a method of identifying processes or technologies that adjust
their activity level when a competing product is incrementally introduced to the
market. The environmental impacts (positive or negative) are then subtracted from the
environmental burden associated with the marginal supply of the cement product. As
explained in the methodology chapter, a PEM is built to identify the heat suppliers
affected by the marginal supply of excess heat in the district heating network of
Aalborg.
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Excess_heat is a LCA model built on the representation of the market for distributed
heat in Aalborg. It has a functional unit of one gigajoule of heat distributed to the users
from the district heat network. The model returns market equilibriums for any given
increase in the supply of excess heat on the market from the two excess heat suppliers
identified: the cement factory and a local waste incineration plant.
The amount of heat that can potentially be recovered at AP is about as much as what
is being recovered currently. The existing recovery units are installed on the white
clinker production lines. While those existing units can be improved by recovering
radiative heat from the shell of the kilns, most of the additional heat can be retrieved
by installing an additional heat recovery unit on the grey clinker production line.
Simulations with Excess_heat indicate that the recovery of latent heat in the flue gas
below dew point (64 degrees Celsius) would dramatically increase the heat recovery
rate and the supply of excess heat to the network, which would represent close to 80%
of the demand for heat in the city. This is similar to the findings of Bühler et al. [103],
who found that the theoretical share of excess heat in the district heat system of
Aalborg could reach over 80%. It would, however, require important investments
inside and outside of the cement factory, including infrastructures to handle the
additional production of condensate water from the heat recovery equipment.
Moreover, it would also require large-scale heat pumps to maintain a supply
temperature of 80 degrees Celsius. This option is therefore possible but is technically
challenging at the moment.
Optimizing the possibilities of heat recovery at the cement factory to a reasonable
extent (above the dew point of the kiln flue gas and with the respective heat delivery
of the other suppliers unchanged) would increase the factory supply by 104%. This
would be done in the following two ways:
•
•

adding a heat recovery unit to the grey clinker production process,
delivering the overall excess heat (from both grey and white clinker
production lines) at a lower temperature (70 degrees Celsius).

This increase in the factory supply would require an additional annual delivery of
1,250 TJ to the 1,200 TJ currently being recovered and would bring the recovered
energy-to-energy input rate to 13% and 28% for grey and white clinker production
processes, respectively. From a system perspective, it would bring the share of excess
heat in the network above 35% and increase the price of a gigajoule of distributed heat
on the consumers’ side from 5% to 10%. Given the modeled price elasticity of
demand, the demand for heat would be reduced by about 2% compared to the initial
demand of 6,715 TJ.
As Table 4 indicates, the model estimates that the GHG emissions at equilibrium
would be reduced from 153 kg CO 2-eq. to approximately 112 kg of CO2-eq. per GJ
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distributed. This represents a total reduction of 275,000 tons of CO2-eq. GHG in scope
III for the year. With respect to scope I emissions, it would reduce GHG emissions by
6% and 3.5% by 2030 for grey and white cements, respectively.
Table 4 Simulation of increase in heat recovery at the cement factory.
Current situation

Scenario

Cement factory supply share [% supply]

20%

35%

Consumer price [Index 100]

100

105

Demand [TJ]

6,715

6,628

Share coal-fired power plant [% supply]

58%

46.5%

GHG emissions [tons CO2-eq.]

954,700

680,400

Heat GHG emissions factor [kg CO2-eq./GJ]

153

112

This simulation makes a number of technical and economic assumptions and a change
in the current district heat management policy, as discussed in Publication III.
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3.6

THE SOURCING OF SUPPLEMENTARY CEMENTITIOUS
MATERIALS

Highlights
• Substituting supplementary cementitious materials for clinker in cement
and for cement in concrete presents undeniable advantages.
• Contrasted allocation methods in ALCA leads to different environmental
burdens associated with SCM, such as fly ash or GGBFS.
• In a context of constrained supply, the sourcing of fly ash can displace
the demand for fly ash to other SCM or even toward virgin products,
thereby cancelling the benefits of clinker substitution. This calls the
environmental neutrality of fly ash into question.
• The progressive phase out of coal power plants in Europe may
compromise the future availability of fly ash.

The sourcing of by-products that can substitute in the production of energy-intensive
material is investigated. This section looks specifically at the relevance of reusing
coal-combustion residues to produce cement and concrete.
3.6.1

POTENTIAL AND LIMITATIONS OF BY-PRODUCT FILLERS

An increasingly common practice to reduce the environmental footprint of cement is
to partially replace the clinker content with a supplementary cementitious material
(SCM). Similarly, concrete producers use reactive fillers to reduce the cement content
in concrete. In both cases, a trade-off often occurs between the amount of SCM or
filler used and the resulting strength of the cement or concrete per unit of mass or
volume. That trade-off reveals the importance of using a reactive substitute material
to maintain strength. Some of the most common substitutes are industrial by-products.
For example, fly ash is jointly produced with electricity because of coal combustion,
GGBFS is a residue from the quenching of pig iron slag jointly produced during the
process of steel refining and silica fume is a by-product of silicon and ferrosilicon
alloy production.
At the level of concrete manufacturing, the use of filler material in Europe represents
approximately 8 million tons in 2016 and approximately two to three times that
amount at a global level [23].
Being by-products, the cement and concrete industries considered them free of any
environmental burden. Following the polluter-pays principle, the burden of supply is
born by the activity responsible for its production. The use of by-products is therefore
effective for reducing the environmental footprint of cement or concrete while
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retaining the function of the product. However, being by-products also entails several
issues identified during this PhD dissertation:
•

•

•

•

First, as by-products, their availability does not adjust to changes in demand.
As regulations pressure the cement and concrete industries to become more
sustainable, the demand for SCM has increased dramatically. For example,
9.3 million tons of filler were used in 2008 to produce 368 million cubic
meters of ready-mix concrete, while 7.93 million tons of filler were used in
2016 to produce 224 million cubic meters. In other words, the filler content
in ready-mix concrete in 2008 averaged 25 kg per cubic meter compared to
35 kg in 2016. [23]
Following the general European policy to progressively phase out coal-fired
power plants, the availability of fly ash is threatened. Regarding the future
availability of GGBFS, current studies have found that EU ETS has not led
to carbon leakage for the steel sector [104]. Nevertheless, the progressive
reduction of free allowances to the European steel sector and that the increase
of the EUA price may one day overcome the costs of transporting and
importing tariff of steel from outside the EU.
Lobbying from vested industrial interests may have some influence on how
the environmental burden of coal combustion or iron smelting is allocated,
from the perspective of ALCA. For example, while current standards for
EPD of construction materials (EN 159804) and product-specific Product
Category Rules (EN 16908 for cement and EN 16757 for concrete) indicate
that GGBFS should be free of any environmental burden, stakeholders from
the steel sector have developed science-based allocation methods giving
GGBFS a significant environmental footprint. As such, the documented
allocation method by Buttiens et al. gives GGBFS a GHG emissions factor
of 550 kg of CO2-eq. per ton [105]. Similarly, Sayagh et al. [106] found that
allocating the environmental burden of the blast furnace between steel and
GGBFS based on their respective masses would increase the GHG emissions
of concrete pavements by 60%.
Some of these SCM are increasingly being used by other industrial activities,
such as in creating roads, laying asphalt, stabilizing soil acidity, producing
filters and so on.

While the cement factory of Aalborg does not use fly ash as a direct clinker substitute,
it is still involved in the production of clinker as a source of aluminum oxide; in that
respect, fly ash is equally critical.
If SCMs are to be used to reduce the environmental footprint of cement or concrete,
it seems important to ensure that the sourcing of the material is not operated in markets
where competing activities can absorb any additional amount made available at the
margin. In such a case, part of the demand would be displaced toward other markets.
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The study presented in Publication VII suggests an approach based on IO to model
the sourcing of residual materials from an LCA perspective, based on the availability
of such materials in different national markets within Europe. This approach, using
the example of fly ash, is also interesting because it provides a solution to modeling
the sourcing of waste material when market-related data are not readily available. In
this case, the modeling is done by linking the production, trade and consumption of
anthracite and bituminous coal as opposed to using inconsistent statistics on fly ash
availability. The objective is to provide recommendations to minimize the
environmental impacts associated with the supply of fly ash, thereby maximizing the
benefits drawn from its use.
The results of the study in Publication VII are summarized by Figure 30, which is
based on five years of trade and consumption statistics. Most European markets in
terms of fly ash availability decrease. It is interesting to note that the fly ash markets
of Norway and Finland are growing. This is because those markets have small
amounts of fly ash and because such small variations can result in a positive trend
over the period analyzed. Two reasons for the general decrease in fly ash availability
were identified. The main reason is a political decision in most European countries to
reduce electricity produced from the combustion of coal (except for Poland). Another
reason identified though the IO analysis of coal trade was the switch to coal grades
with a lower ash content.
When compared to the waste treatment trends for combustion ashes, it is possible to
identify the type of activity that would be affected if an additional amount of fly ash
would be withdrawn from the market. The type of activity affected depends on the
geographical location. While the amounts of fly ash landfilled and stockpiled in
France remains significant, in other countries, such as Italy, any additional amount of
fly ash made available on the market will be reused by the industry. In France, though,
withdrawing an amount of fly ash from the market would divert material from
landfills. In Italy, it would encourage reuse activities to look for an alternative – the
road industry would turn toward additional virgin aggregates, or the cement industry
may increase the clinker content of cement, for example.
The level of aggregation of combustion ash treatment data does not make it possible
to identify the sub-activities with the activity type “reuse.” It remains difficult to
identify what alternative the displaced demand will seek. Most likely, a displaced
demand in Italy, for example, may lead to additional imports from a neighboring
country. In the future, as fly ash continues to grow scarce, such cases might lead the
affected demand to look for a substitute or even to refocus on the virgin material that
fly ash was meant to replace. In fact, this is already happening in Denmark where
concrete producers resort to adding more cement to their products as fly ash becomes
short in supply. In both cases, the sourcing of fly ash is associated with indirect
environmental impacts that should be ideally included in any LCA model.
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Figure 30 Direction of markets in terms of fly ash availability (left). Affected treatment
activity for fly ash (right).

This statement is confirmed at the European level when looking at the compiled
statistics from the European Coal Combustion Products association [107] shown in
Figure 31. Those statistics indicate a progressive expansion of the concrete and
cement industries (blue and orange segments, respectively) on the EU-15 fly ash
market. Amounts of fly ash being temporarily stockpiled (brown segments) were
reduced to almost zero in 2013 and 2016. One may assume that the continued
progression of the use of fly ash in the concrete and cement industries will push minor
reuse applications out of the market, provided that the quality of the remaining fly ash
is suitable to be reused in such applications.

Figure 31 Statistics on the reuse of coal fly ash by activity on EU-15 market.
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Being informed about the market availability of residual materials is becoming more
and more important as the cement and concrete industries seem increasingly apt and
willing to reuse them in their value chain. The value-based choice of not associating
any environmental burden with fly ash in ALCA is, in fact, misleading because it may
give the demand the wrong signal in terms of scarcity and the environmental benefits
of reuse.
Using system expansion to identify the activities affected at the margin by the
sourcing operation gives fly ash an environmental footprint that reflects the merits of
its reuse (i.e., the extent to which the use of the material provides a net positive
environmental impact to society). As the availability of fly ash decreases, the
competition for it increases. This is associated with higher environmental impacts of
the sourcing of fly ash as demand-driven activities (e.g., reuse) begin to be affected.
An increased environmental footprint associated with fly ash may ultimately redirect
potential fly ash users toward alternatives with a higher environmental merit.
3.6.2

AVAILABILITY OF FLY ASH IN THE FUTURE

The question of sustainable sourcing of residual materials to substitute for the use of
primary resources leads to the more general issue of scarcity of these substitutes over
time. Their availability is conditioned by the demand for the primary product they
derive from, aside from long-term stockpiling. For the case of fly ash, the demand for
electricity from coal is decreasing. At the same time, the demand for concrete in
Europe is expected to remain stable until 2050 compared to 2014 levels [25]. Knowing
this, the use of fly ash as a sustainable sourcing strategy for the industry remains an
unclear solution.
Figure 32 maps the approximately 400 coal-fired power plants in Europe, with
Germany and Poland being the largest producers of electricity from coal combustion.
The model described above was combined with data provided by Climate Analytics
about current and planned coal-fired power plants in Europe [108]. This data includes
the nominal power output, load factors, efficiency, loss of ignition and technical
lifetime of all the operating and planned coal-fired power plants in Europe. The model
predicts the coproduction of fly ash according to three scenarios: one business-asusual (BAU) scenario based on the designed technical lifetime of power plants and
another two scenarios based on the forced shut-down of power plants due to the
European Union’s GHG emissions reduction milestones set by Paris Agreement
objectives (PA scenarios 1 and 2).
In parallel, the demand for fly ash from different reuse activities from 2016 reported
by the European Coal Combustion Products Association (ECOBA) [109] was
extrapolated to 2060 at an annual increase rate of 2%. The results of these two
projections are illustrated in Figure 33. On the supply side, the expected fly ash
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Latitude

availability in the EU28 is represented by the red line for the BAU scenario, and by
the green and blue lines for the two PA scenarios. The PA scenario 1, represented by
a blue line, gives shut-down priority to the most polluting power plants, while the PA
scenario 2, represented by a green line, gives shut-down priority to the most expensive
ones. The respective developments of the two PA scenarios are practically identical.
On the demand side, the blue and red segments represent the concrete and cement
industries. Regardless of whether the BAU scenario is more likely to be realized than
one of the two PA scenarios, it seems clear that the mid- to long-term availability of
fly ash is compromised. Indeed, Figure 33 shows that all projected supply curves (PA
and BAU supply scenarios) meet with the forecasted total demand for fly ash before
2030.

Longitude

Figure 32 Map of current coal power plants in Europe

It is reasonable to think that the reuse application that has the most economic interest
in reusing a by-product is ready to offer a higher purchase price than the other reuse
activities that constitute the demand. In theory, the demand should be willing to meet
the offer at a price level that is just below the cost incurred from purchasing the virgin
alternative. Hence, one may think that, provided a long-term decrease in the supply of
the by-product, the most beneficial reuse application would be the last one affected
by a shortage of material. In the case of fly ash, that application is concrete. Fly ash
can substitute for cement. This is confirmed by European statistics that show that most
of the fly ash is reused within the concrete industry (see Figure 31). This is also what
Figure 33 suggests: the shortage of fly ash will affect minor reuse applications and the
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cement industry before the concrete industry. From a purely economic point of view,
it is true that the concrete industry has more economic interest in using fly ash than
the cement industry. The former prevents the concrete producers from purchasing
cement, while the latter prevents cement producers from producing clinker.
In reality, the concrete industry is not the last activity to be affected by the decreasing
availability of fly ash. The concrete industry, mostly composed of individual
producers, has much less bargaining power than the cement industry, which is
characterized by a few important corporate groups. In fact, the decreased availability
of fly ash has already affected the concrete industry in Denmark: As a response to a
domestic fly ash shortage, the Danish concrete producers who are not able to import
fly ash from foreign markets have again started to increase the cement content in their
composition of concrete. On a more global level, the frequency of temporary local
shortages of fly ash has increased in Europe and in the U.S., often due to poor logistic
capacities combined with low prices. This is especially true when power plants are
not located close to a harbor but rather next to an inland coal mine, making it difficult
to move fly ash away. This limits the distance over which fly ash can be transported
and results in a geographical mismatch between the offer and the demand (personal
communications, Jesper S. Damtoft, June 2018).
PA scenario 1
PA scenario 2

Figure 33 Projected demand against availability of fly ash, between 2018 and 2060.

This clearly limits the ability to reuse by-products to substitute virgin resources
because the supply of by-products depends on the perennial development of other
parts of the industry. In this case, research efforts could for example be directed
toward natural pozzolanic materials as clinker substitutes. Such materials could
provide substantial GHG emissions reduction while not being dependent on the
activity level of other industrial sectors.
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3.7

INVESTMENT IN RENEWABLE SOURCES OF ENERGY

Highlights
• Renewable energy, composing almost 50% of the gross Danish electricity
use, has substantially helped EIIs, such as AP, to reduce scope II GHG
emissions.
• The GHG emissions factor for Danish electricity was reduced by
approximately 1 kg of CO2-eq. between 1990 and 2017.
• Over that same period, the decarbonization of electricity has effectively
reduced scope II GHG emissions by a ton of cement for each 100 kg of
CO2-eq., or approximately 10% compared to 2017 levels.
• Future GHG emission reduction from the national electricity grid are
limited at least until 2030. The deployment of a local source of renewable
electricity is considered instead.
• Five 3-MW wind turbines installed in 2020, and another five in 2025,
would provide 84 GWh of electricity annually and reduce the GHG
emissions associated with electricity use by 500,000 tons of CO 2-eq. over
their service time.
• These interventions would reduce the GHG emissions factor per ton of
cement by 1.2% for grey and white cements.

This section investigates the significant development of renewable energy in
Denmark. More specifically, it addresses the contribution of wind power in reducing
the environmental impacts of energy-intensive processes in general and cement
production in particular. Indeed, while most of the thermal energy produced is needed
for the calcination of limestone to produce clinker, significant amounts of electricity
are nevertheless used to operate cement mills and other processes. Cement mills grind
clinker and blend it with gypsum to create cement. Besides the energy efficiency of
the mills, cement mills’ use of electricity depends on the ability of clinker and other
materials to be ground (also called grindability) and on the desired fineness of the
finished product (i.e., the Blaine fineness, defined as the ratio between volume and
surface of the cement particles). Cement and concrete literature acknowledges a
positive correlation between the Blaine fineness of cement, the packing of cement
particles in concrete and the strength and flowability of the resulting concrete mix
[110,111]. There is, however, an upper limit in term of fineness above which the
workability of concrete becomes affected.
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3.7.1

WIND POWER BENEFITED ENERGY-INTENSIVE INDUSTRIES IN
DENMARK

The early development of wind power in Denmark benefited electricity users in heavy
industries, such as cement production. Wind power began to significantly develop in
the mid-1990s and will soon reach 50% of the gross electricity production.
As Publication IV and Publication V detail, substantial improvements in the wind
power industry and the deployment of offshore installations have made it possible to
reduce environmental impacts associated with the supply of electricity. The
decarbonization of electricity and increasing volumes of secondary steel from electric
furnaces on the European steel market also have indirectly enhanced the
environmental performance of wind power.
The massive and rapid deployment of wind power in Denmark has substantially
helped energy-intensive processes, such a cement production, to decrease the GHG
emissions of their products. The development of offshore wind turbines has
contributed to the progressive phase out of fossil fuels (i.e., coal), as the top chart in
Figure 34 shows (adapted from statistics and projections from the Ministry of Energy
from 2018) [112]. Based on a projection with a frozen-policy approach, the share of
coal in the supply mix is expected to slightly increase until 2030 at the expense of
wind power.16 There are two reasons for this. First, the decommissioning rate of old
wind turbines is expected to be higher than the speed at which they can be repowered
or refurbished. Second, the new installations of data centers will require a flexible
production technology to cover for the increase in demand.
The life cycle inventory database ecoinvent provides inventories and emissions for
generic electricity generation technologies for the current Danish market. The model
and tool developed for Publication V (Lca_wind_dk) provides an accurate emissions
factor for the national wind turbine fleet from 1972 to 2030. The ecoinvent market
dataset for high voltage electricity is adjusted to reflect the measured and projected
supply mix between 1972 and 2030. Additionally, the emissions factor for wind power
provided by ecoinvent is replaced by the factor obtained from Lca_wind_dk. As a
result, it is possible to see from the bottom graph of Figure 34 that the GHG emissions
16

A new energy agreement has been recently approved in late June 2018 by the Danish
parliament. It aims to bring the supply share of renewable energy systems to at least 55% of the
gross energy production (electricity and heat) by 2030, as opposed to 40% according to the
earlier projections from the Ministry of Energy. While the difference between these two
scenarios ultimately affects the GHG intensity of electricity, the objective of the new energy
agreement remains a political ambition for now, and the share of renewable energy systems
within the supply of electricity remains imprecise. Hence, the more conservative estimates from
the Danish Ministry of Energy, based on technical considerations, seem more robust at the
moment.
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factor of a kWh of produced electricity has been reduced by approximately two thirds
from 1990 to 2017. This roughly equals a reduction of 1 kg of CO2-eq. per KWh
during that period.

Figure 34 Evolution of the Danish electricity supply mix by fuel types (top). Imports and
exports (not displayed) adjust the total supply to 100%. Resulting GHG emissions factor per
kWh of electricity (bottom) produced, excluding transformation and distribution losses.

3.7.2

THE EFFECT OF POWER DECARBONIZATION ON CEMENT
PRODUCTION

The electricity use per ton of cement at the AP factory can be reasonably approximated
to be 130 and 150 kWh for grey and white cements, respectively, mostly represented
by the grinding of clinker in cement mills. The decarbonization of the electricity
supply mix in Denmark helped decrease the GHG emissions factor of cement by more
than 100 kg of CO2-eq. between 1990 and 2017 for both cement types, representing a
minimum reduction of 10% GHG emissions. In fact, considering the activity of the
cement factory during that period, the development of wind power has helped to
reduce the emissions associated with cement production by over 4.6 million tons of
CO2-eq. between 1980 and 2017, with 200,000 tons saved in 2017 alone.
However, as discussed in the previous section, the marginal benefits from the
deployment of renewable energy before 2030 may remain limited, according to
projections by the Danish Ministry of Energy. Three other possibilities can be
considered to further reduce GHG emissions associated with electricity use:
improving the grindability of clinker, improving the energy efficiency of the cement
mills or developing a local supply of renewable energy. Improved grindability of
clinker would not be achieved by reducing electricity use at the level of the cement
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mills but rather would result from the improved burnability of the raw meal, for
example. Improving the energy efficiency of the cement mills is in fact a continuous
and ongoing effort at AP, but the savings remain marginal. Instead, the possibility of
a local source of renewable energy and its benefits are investigated in the next section.
3.7.3

LOCAL SUPPLY OF WIND POWER

A park of wind turbines that consists of five 3-MW onshore wind turbine plants in the
vicinity of the factory may be constructed by 2020. The wind turbines could supply a
substantial amount of electricity directly to AP. By using the performance of similar
existing wind turbines in the area of Aalborg as an approximation, it is possible to
estimate the environmental gains of such an investment.
Lca_wind_dk identifies three Vestas V-112, as circled in orange in Figure 35, that
satisfy the following criteria:
•
•
•

Onshore installation,
A nominal power output of about 3,000 kW,
Near the city of Aalborg.

Figure 35 Lca_wind_dk screen capture. Onshore wind turbines near Aalborg with a nominal
power output of 3 MW.

As shown in Figure 36, Lca_wind_dk indicates that the turbine with the smallest
environmental impact of these three wind turbines has a GHG emissions factor of 14

99

DECOUPLING ENVIRONMENTAL IMPACTS FROM THE ENERGY-INTENSIVE PRODUCTION OF CEMENT

grams of CO2-eq. per kWh produced, with an energy payback ratio of 20.17 Similar
turbines in other parts of the country have a GHG emissions factor ranging between
11 and 20 grams of CO2-eq. per kWh. The turbine with the smallest environmental
impact has already produced 42,000 MWh in the past four years and is expected to
produce another 118,000 MWh before 2030.
A park of five wind turbines with a similar energy and environmental performance
would directly supply the cement factory with approximately 760,000 MWh over an
average service time of 18 years,18 assuming a 5% transformation and distribution
loss. On an annual basis, they would supply around 14% of the electricity need of the
factory. This would effectively substitute 42 GWh of national electricity every year
between 2020 and 2038. Given the expected GHG emissions factor of national
electricity services during that period and a GHG emissions factor of 14 grams of
CO2-eq. per kWh for the local wind turbines, a decrease of the current GHG emissions
associated with the use of electricity by 15% is expected. This represents an annual
savings of 13,700 tons of CO2-eq. and a total of 250,000 tons of CO2-eq. over the
lifetime of the wind turbines. Another five wind turbines with similar properties can
be installed in 2025, providing an emissions reduction of approximately the same
order. On a per-ton-of-cement basis, this represents a reduction of GHG emissions of
1.2% compared to current levels.

17

The energy payback ratio is here defined as the ratio between the amount of renewable energy
produced and the amount of non-renewable energy required during the life cycle of the wind
turbine.
18

The average service time of wind turbines in Denmark is 18.4 years. Although technically
designed to operate longer, owners of wind turbines dismantle them when the marginal income
from selling electricity becomes lower than the marginal cost of maintenance.
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Figure 36 Lca_wind_dk screen capture of the environmental dashboard for a Vestas V112
near Aalborg. Coordinates (latitude, longitude): 57.129, 10.237.
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3.8

THE TRADE OF CEMENT

Highlights
• A new method for modeling supply markets in consequential LCA is
suggested.
• That method makes it possible to consider the flexibility of production
capacity at a national level to predict whether an increase in demand is
followed by domestic production or trade.
• For products where the production capacity is concentrated in a few
countries, the emissions associated with trade operation and the loss of
product during transport by way of demand displacement can be
significant.
• This remains a limited issue for cement production with a world
production capacity evenly distributed around the globe.
Cement production is a capital-intensive activity and often seeks, in normal economic
conditions, the full utilization of its production capacity [32]. This can limit its ability
to answer mid- to long-term increases in demand if it cannot be accompanied by an
increase in structural production capacity. This aspect and its implications in terms of
product distribution and trade has not thoroughly been investigated in the field of
LCA.
Publication IV assumes that the maximization of the demand utility for goods, or the
preferences of consumers for certain types of products, shape the way goods are
traded. These patterns are reflected through imports and exports between national
markets. The added-value of products, however, limits the extent to which those
products can be traded. While white cement is exported worldwide, the low-added
value of grey cement limits its distribution to the Scandinavian region. Cement
production is quite common around the world, and virtually all countries have local
cement production, represented as red circles in Figure 37. Looking at the case of
Denmark, a sustained increase in demand for grey cement should be absorbed by the
domestic capacity, which is currently close to its the pre-crisis level. For some
markets, domestic production of grey cement seems to have reached a level where the
quantities being produced do not vary over time or even decline. At the same time,
the imports gradually become more important due to the growing demand for cement.
If it is assumed that foreign and domestic products have the same ability to satisfy a
given demand but are distinct enough to be distinguished based on their origin,19 it is
possible to imagine that there is a threshold in terms of imports above which it
19

Products are imperfectly substitutable as per the principle of unitary Armington elasticities.
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becomes profitable to increase domestic cement production. Below that threshold, any
significant increase in demand for cement may have to be directly or indirectly
satisfied with additional imports (or a reduction of exports). Such an adjustment could
lead to additional environmental impacts associated with transport operations, product
losses during transport and differences in cement production technologies that should
be accounted for when looking at large infrastructure projects.
For that reason, a new method to model supply markets for LCA is suggested in
Publication VII, based the marginal behavior of geographical markets connected to
each other in an IO trade model. It was found that because cement production capacity
is widely and evenly distributed around the globe, indirect transport following
changes in demand remained marginal (excepted for the obvious cases of islands
without a production capacity). For example, withdrawing 1 ton of grey cement from
the Danish market would trigger minimal imports from neighboring countries at the
margin. Some loss occurring during trade operations would require the overall
production of 1,010 kg of cement. Interestingly, the domestic production capacity in
Switzerland has been reduced by 5% between 2009 and 2014. Concurrently, imports
from neighboring countries have increased by 47% in that same period. The marginal
IO model indicates that withdrawing 1 ton of grey cement from the Swiss market
would trigger imports and lead to the overall production of 1,034 kg of cement – partly
in Switzerland and partly in other countries, with 34 kg of product loss during
transport.
This example is contrasted with the case of products for which production is
concentrated in a few countries. In such cases, emissions associated with indirect
transport and losses are more important (e.g., bananas, palm oil, etc.). These emissions
can be reduced by preferring direct imports from producing countries.

Figure 37 Trade relations between markets for grey Portland cement. Red circles: national
markets with a domestic production capacity. White circles: national markets without a
domestic production capacity.
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4 DISCUSSION
The first section of this chapter critically analyzes the methods used and the tools
developed throughout this PhD study. The second section opens a discussion on
whether local sourcing of by-products should be preferred to distant sourcing. The
third section discusses the potentially limiting role of the ETS to promote investments
in cleaner technologies at AP, and more generally for EIIs. The fourth section closes
with the prospects for future environmental improvements at AP. The final section
discusses the relevance of the results for other EIIs and for policy.

4.1

ALL MODELS ARE WRONG; SOME MODELS ARE USEFUL

George Box said, “All models are wrong; some models are useful,” about the inability
of even the most sophisticated models to represent the complexity of the real world
[113]. Indeed, CGEM, PEM and simpler IO models have received a lot of criticism
regarding their (in)ability to model economic behaviors and provide accurate decision
support. Admittedly, markets are imperfect and composed of complex agents who do
not always act rationally toward maximizing their utility. The most sophisticated nonlinear economic equilibrium models also come with a series of strong assumptions –
such as fixed Armington elasticities, perfect communication between actors in a
market and rationality of the demand, as Suh and Yang [49] pointed out. Additionally,
in such discussions, Yang and Heijungs [91] added that the general low level of
disaggregation between products in CGEM, PEM and IO models make them often
unfit for many product-based modeling cases.
Similarly, LCA has detractors. The linearity of the underlying technology matrix,
simplifying assumptions regarding price effects, elasticity and substitution are some
of LCA’s limitations [49]. Regarding CLCA, difficulties in identifying marginal
suppliers or affected technologies may lead to drastically different results. Such
difficulty has been reported, for example, by Vieira and Horvath [114], who were
unsure whether the marginal technology for cement supply in the U.S. was a dry- or
wet-based process. The same issue was expressed by Ekvall and Andrae [115], who
were unable to clearly identify marginal technologies for smelting and refining lead
and other metals in a study focusing on lead removal. Moreover, life cycle material
and energy inventories are far from being comprehensive and may truncate a part of
the overall environmental footprint, as shown in [116] in the case of wind power.
Some of the criticism expressed toward CGEM, PEM and IO models, especially
regarding their lack of accuracy, can be solved with process-based LCA. Conversely,
some flaws of process-based LCA, notably the limited comprehensiveness of
inventories, is one of the strengths of IO models.
The combination of both an IO model with a process-based LCA, sometimes referred
as hybrid LCA, provides certain advantages: the underlying model is still linear, but
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it incorporates the accuracy of life cycle inventories and the comprehensiveness of IO
models [116,117].
However, regardless of the complexity and accuracy of such a combination of models,
the result of a model is only as valid as the available data that it relies on. Data about
trade of combustible waste, residual materials or even cement can be outdated,
incomplete and sometimes inaccurate. The definition of goods can also often vary
from one country to another and sometimes can overlap. For example, regarding the
Eurostat’s waste database used in Publication II, most reporting countries would
include industrial waste in the MSW definition, while a few would not. Regarding the
transboundary shipment of waste within the EU, some importers could fail to report
the waste import or could associate the waste material with the wrong European Waste
Catalogue code. Such waste flows would therefore be ignored in the model.
Additionally, while there may be a structural excess of waste in a given country,
national regulations may prevent its export to another country. This is in fact an
interesting aspect that could easily be considered in future versions of the model.
In addition, the following limitations need to be acknowledged: Some of the outputs
produced by the models developed in this PhD study may not be accurate, slightly
wrong or outdated. Although the data strongly suggest it, the marginal trading partner
of Denmark for combustible waste may no longer be the United Kingdom.
Furthermore, a small increase in the district heat price of Aalborg caused by
introducing a higher share of excess heat would maybe not lead to a decrease in
demand, as most consumers might not notice the price increase. Conversely, heat
consumers do not always act rationally and could decide to renovate their residences
before it is economically profitable to do so (e.g., in order to improve the inner climate
or while undertaking the renovation of the roof).
Moreover, uncertainties related to model assumptions (epistemic uncertainties) need
to be added to the uncertainty of inventories (stochastic uncertainty) [118]. Ideally,
they should also add to the uncertainty of the dose-response relations of some
environmental mechanisms [119]. For example, the IPCC estimated that the
uncertainty around the different characterization factors for the potential impact of
global warming is around +/- 15% [120].
Despite these limitations, attempts to understand the complexity of the economy and
the interactions between industrial systems provide some interesting thought
experiments at worst and guidelines to support valid decisions at best. Yang and
Heijungs [91] showed that answering a question with several flawed models that
nevertheless eventually point in the same direction may give a rough indication at
what the truth may be. Hybrid LCA models that rely on IO models to integrate scarcity
of resources have already proved their usefulness. Examples are the geolocation of
direct and indirect land use change induced by crop consumption [121] or induced by
biofuels production [122]. IO-based hybrid LCA models that focus on the use of by-
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products and waste materials are, to the knowledge of the author, still
underrepresented in the literature. The work of Taheripour et al. [123] is an example
of CGEM being used to model impacts from the supply of by-products along with the
production of first-generation biofuels. Nonetheless, examples that relate to the
sourcing of by-products remain scarce, especially when applied to energy-intensive
industrial processes. The current practice of assuming no environmental burden for
the sourcing of by-products for which the competition is high is not a justified attempt
to simplify the complexity of the real world. It seems rather to be a misleading valuebased choice among practitioners, motivated by industries’ interests and encouraged
by a lack of data. Because the reuse of by-products is expected to increase in the
future, efforts should be made to develop models that are able to reflect the
environmental merit of sourcing by-products. The environment merit of reusing the
waste materials should be based on its scarcity and on the disposal treatment
subsequently avoided.

4.2

LOCAL VERSUS DISTANT SOURCING OF BY-PRODUCTS

As Publication II suggests regarding the marginal movement of combustible waste
across countries, the sourcing of alternative fuels from an undersupplied market
(where the need for alternative fuels is superior to the capacity to produce them)
potentially leads to trade operations. For example, the Danish MSW incineration
capacity has grown faster than the waste generation in the country: 3.9 million tons of
waste incineration capacity per year compared to 3.4 million tons of waste generated
in 2009 according to the Danish Ministry of the Environment [124]. Moreover,
according to the Danish Nature Conservation Association (Danmarks
Naturfredningsforening), there are four times as many incineration plants compared
to the amount of waste generated [125]. Combined with increasing efforts to sort and
recycle household waste, the import of combustible waste to Denmark has grown from
164,000 tons in 2012 to 492,000 tons in 2015, mainly from the United Kingdom and
Germany [126,127]. In such a market, one can legitimately wonder whether
developing local IS synergies around the reuse of combustible waste is always a good
idea. Everyone would likely agree that, at the margin, the use of combustible waste
most often reduces the need for conventional fuels. The environmental merit of locally
rerouting combustible waste for one’s own processes mainly depends on two aspects:
the avoided reuse option and the demand-induced trade operations, as highlighted in
Publication II. If the rerouted combustible waste would have otherwise been used as
regular fuel for a waste incineration plant with energy recovery, one needs to model
the net environmental difference between those two alternatives, considering the
efficiency and marginal effects of both processes. In any case, withdrawing an amount
of waste from such a market would indirectly lead the Danish demand for combustible
waste to import an equivalent amount of energy from the marginal supplying market.
Hence, there can be cases where distant sourcing is environmentally preferable to
local sourcing. Although this may contradict commonly accepted recommendations,
sourcing by-products and waste material regardless of distance and where they are the
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least needed seems to make the most environmental, social and economic sense.
Fortunately, combustible waste markets in Europe function rather well. With the help
of fees for landfilling and incineration, the price signals associated with combustible
waste tend to reflect its availability and quality [101]. Companies, in their objective
of profit maximization, would then address markets and suppliers that offer the most
advantageous conditions, including future availability.

4.3

THE EMISSIONS TRADING SYSTEM: HIGH RISK
INVESTMENTS

€ per EUA

The historical development of the price for EUA, where 1 EUA permits the release of
1 ton of CO2-eq., does not give comforting signals to decision makers and potential
investors among EIIs. The ETS failed to provide the necessary incentives to the
industry at its infancy when an oversupply of allowances led EUA to a near-zero value
between 2007 and 2008 [128] before dramatically increasing in 2009 and plummeting
again in 2011, as can be seen from Figure 38. Successive corrective decisions and a
progressive reduction of annual allowances since 2013 have led to price increases.
However, while phase 3 of the ETS ends in 2020, the specific rules for phase 4 remain
unclear. Projections from different study groups show large variations in price, as
previously shown in Figure 7 in section 1.2.2.1. Although the withdrawal of the U.S.
from the Paris Agreement does not seem to change the general worldwide efforts to
combat climate change [129], other exogenous factors such as the uncertain
development of the Asian carbon market makes it difficult to foresee the price
development of EUA and how issues related to carbon leakage will evolve.

Figure 38 Historical EUA price between October 2009 and June 2018. Source:[41]

The unstable EUA price development certainly does not encourage investments in
cleaner production technologies. The proposed emissions reduction measures for AP
between 2017 and 2030 presented in section 3.1 can reduce emissions by 2.6 million
tons of CO2-eq. over that period. Whether a ton of carbon dioxide is valued at €5, 15
or 40 seriously affects the payback time of the investments needed to actualize such
reductions.
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In addition, the current rules of the ETS framework only favor a limited range of
emissions reduction solutions, namely the use of alternative fuels and carbon capture
and storage. Indeed, among the solutions presented in this dissertation, almost none
are encouraged by the current configuration of the ETS framework:
•

•

•

4.4

The deployment of a local source of renewable electricity and its subsequent
reduction of Scope II GHG emissions would not be included in the ETS
emissions reporting scope, as only Scope I GHG emissions are considered.
This means that the investment in wind turbines is only paid back through
the avoided purchase of national electricity.
The increased recovery of excess heat would not lead to any sensible increase
in yearly emission allowances given to AP. The potential GHG emissions
reduction realized through the additional recovery of excess heat and
avoidance of heat supply from the local coal-fired power plant would neither
be financially supported by the current national legislation nor by the ETS
framework.
The substitution of clinker in cement by SCM would lower the yearly clinker
production of AP. While a lowered clinker production effectively leads to
lower GHG emission levels, it also leads the ETS to decrease AP’s historical
clinker activity level upon which the amount of yearly allowances given to
the cement factory are calculated. A lower historical clinker activity level
would result in fewer emission allowances yearly allocated to AP. It forces
AP to purchase emission allowances at a likely higher price should the
cement factory wish to increase its activity level in the future. Hence, it fails
to give AP an economic incentive to reduce its clinker production level.

CURRENT REGULATIONS IN DENMARK REGARDING
EXCESS HEAT

Beside the technical challenges associated with increasing the excess heat recovery
rate at the cement plant, two additional barriers were identified in Publication III.
First, a number of taxes have been applied at different levels, such as a fixed tax on
the heat recovery sales price and a tax on electricity when it is used to operate heat
pumps. Second, a price cap has been applied to excess heat suppliers so that the heat
sales price cannot exceed the sales price level of the most efficient conventional heat
supplier on the market.
On the one hand, these fiscal measures intend to limit the likelihood of companies
producing false excess heat – that is, an industrial process purposely increasing its
activity level in the intent of producing more excess heat. On the other hand, these
fiscal measures ensure socioeconomic benefits to the users of the district heat network.
Because heat is considered a necessity, demand for it is rather inflexible. Moreover,
because the primary method of heating once connected to the district heat network is
theoretically not allowed to change, the model behind Publication III assumes that the
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demand for heat would be displaced toward the thermal renovation of the building
envelope if the price for heat would increase. Given the high cost of thermal
renovation, the price for heat needs to increase substantially before observing any
decrease in demand. For example, an increase of 10% in the heat price only leads to
a decrease of 2% in demand for heat. In reality, the demand would first be displaced
toward other non-centralized means of heating. The most cost-efficient fuel for
individual residential heating in Denmark is currently biomass, as energy and CO2
taxes are relatively lower than when applied to other fuels, such as coal or petroleum.
Similarly, this study shows that these fiscal instruments may limit investments in heat
recovery equipment on the supplier side. Such limitations may lead to suboptimal
environmental outcomes in which the IS synergy cannot be fully exploited. In the case
of Aalborg, the GHG emissions factor of a gigajoule of heat could be reduced by
almost a third without the additional use of fuel or associated emissions. Because the
large municipalities in Denmark are also pressured to decarbonize their supply of
district heat, these limiting regulations could create an adverse effect. The limited
recovery of excess heat could lead to additional imports of waste from foreign markets
to generate heat. In the long term, the limited development of excess heat recovery
could instead lead to heavy investments in deep geothermal solutions, lowtemperature heat recovery from data centers or massive imports of biomass from
distant forest areas.
This seems to be an issue for several EIIs in Denmark that wish to recover a part of
their residual heat. Combined with large-scale heat pumps, the extended networks for
district heat in Denmark could benefit greatly from a higher share of excess heat. In
fact, the results from the IDA’s20 Energy Vision 2050 study, synthesized in the
publication of Lund and Mathiesen [130], show that district heat is undeniably key to
the future of energy systems in Denmark. In addition, increasing the annual supply of
excess heat to 3 TWh in the district heat networks of Denmark is part of the solution
to reach a 100% renewable energy system by 2050. Already in 2017, Bühler et al.
[103] approximated that industrial excess heat could cover 5.1% of Denmark’s need
for heat (which corresponds to 1.36 TWh per year) against 2.9% in 2017 (0.97 TWh),
according to a branch representative of Danish excess heat suppliers [131]. The
authors found that more than half of the additional excess heat that could be reused
today would not require the use of heat pumps. At the European level, Connolly et al.
[132] estimated that less than 1% of the available excess heat was recovered and used
in district heat systems in 2010. Recent progress in the development of large-scale
heat pumps could further increase the efficiency of excess heat recovery, especially if
district heat networks transition toward lower temperature ranges [132].
There is a strong, yet untapped, potential in the reuse of excess heat from industrial
companies in Denmark. While it is important to prevent the generation of false excess
20

IDA is the Danish society of engineers.
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heat, Publication II identified the current regulation and fiscal instruments as a barrier
to investments in excess heat recovery. LCA-based models that include system
changes on the market for district heat are a tool to identify and quantify the benefits
of excess heat recovery. Such models could perhaps be used to justify, on a case-bycase basis, the environmental merit of the investments of the EIIs and could be a
substitute to the current fiscal instruments. If so, those models would ensure that only
genuine and beneficial cases of excess heat recovery are developed.

4.5

AALBORG PORTLAND IN 2030: WHERE DO WE GO FROM
HERE?

Kiln upgrades and simple measures to increase energy efficiency have drastically
reduced emissions of the cement factory for the past 40 years. However, the marginal
curve of GHG emissions abatement diminishes. The measures that need to be
implemented by 2030 to further reduce emissions are costly and technically
challenging, and their environmental payback time is long. Increasing the use of
alternative fuels can cause issues linked to chlorine concentration in clinker, in
addition to the challenge of sourcing good-quality combustible waste with a high
share of biomass. Furthermore, increasing the rate of excess heat recovery supposes a
change of policy at the national and municipal level. The national electricity supply
mix eventually will experience a slowdown in terms of renewable energy
development that limits the potential for future GHG emissions reduction after 2025.
Finally, AP has reached a situation in which most of its emissions originate as a result
of the calcination of limestone, a chemical reaction which can hardly be avoided.
Hence, it is legitimate to wonder how to further support efforts to reduce GHG
emissions after 2030.
The answers to that question are multiple:
•

•

•

Decreasing the clinker-to-cement ratio: Efforts should be made in the future
to further substitute clinker with SCM. The nature of SCM is still to be
determined, but its availability should likely not be constrained by another
industrial activity. The use of natural pozzolanic materials, such as calcined
clay, is a possibility currently being investigated by AP. Use of such
materials would reduce the GHG emissions factor of grey cement by another
20 – 30% while maintaining the original strength. In fact, a formula to do so
has already been designed and patented by AP [133].
Using other sources of heat during different phases of the cement production
system (e.g., radiative heat from the shells of the kiln): Doing so would predry some of the fuels entering the kiln, thereby reducing the energy needed
to vaporize water.
Further introducing digitalization in the manufacture of cement: This could
deliver results in terms of material and energy efficiency. It is notable that
those results would come from increasing the reactivity of the clinker
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production system to minimize the undesired manufacture of offspecification clinker.
Throughout the life cycle of cement, the building sector needs to adjust its practices.
As continuous progress has been made in insulation and heating demand during the
use phase of a building, the share of the environmental footprint attributed to
construction materials comparatively has increased [134]. As such, the supply of
concrete can represent between 20% to 36% of the cradle-to-site21 GHG emissions of
a multi-story building [135–137]. Another cradle-to-grave LCA study on an existing
low-energy house in Italy shows that, unlike traditional houses, there is no specific
life cycle phase overshadowing the others and that the building envelope materials
contribute the most to GHG emissions, with concrete representing most of the nonrenewable energy footprint [134]. Therefore, efforts should be made in the future to
minimize the use of concrete in construction while increasing the durability of the
structure. Moreover, existing LCA literature is limited on the role of concrete acting
as a thermal mass to reduce the heating need of buildings during their use phase. The
few studies available seem to disagree on the notable effects of concrete on the heat
demand and its contribution in reducing GHG emissions associated with the building
use phase [138,139]. These are research topics that the R&D department of AP should
investigate to help the concrete and construction sectors to become more
environmentally conscious and high performing in the future.
Finally, one can imagine that disruptive technologies may change the landscape of
cement production sometime after 2030. Among the potential technologies that could
affect the cement industry, the literature mentions the co-processing of clinker with
other products (e.g., steel), oxyfuel or post-combustion-based sequestration and
storage of carbon and geopolymer cements. However, high emissions abatement costs
combined with a generalized difficulty in accessing investments in the industry are
already impeding the development of these technologies [140].

21

From raw materials extraction to the delivery of construction materials to the construction
site.
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5 CONCLUSIONS
Using the case of cement manufacturing, this PhD dissertation and the listed
publications explore the possibilities for a medium-size EII in Denmark to reduce its
use of non-renewable resources and GHG emissions in the context of tighter climate
and environmental regulations. More precisely, the objective of this PhD dissertation
was to understand the potential for EIIs to use the concept of IS and the reuse and
distribution of by-products to reduce the environmental footprint of Aalborg
Portland (AP).
More specific to AP, three aims were formulated: (i) reduce the direct harmful
emissions associated with cement production without causing environmental
impacts somewhere else, (ii) improve the understanding of the causal relations
between the different players within the cement production system and (iii) develop
a system-wide understanding of the environmental consequences that result from
changes within the cement production system.
To address scientific contribution in a world that increasingly promotes the
recirculation of secondary materials, a fourth aim was to suggest a conceptual
framework to better assess the environmental burden associated with the sourcing of
by-products – which is currently lacking in the scientific literature.
The dissertation begins by introducing the reader to the main research question:
 Question 1: What are the possibilities for a medium-size EII, such as Aalborg
Portland, to reduce its environmental footprint to meet the environmental
targets set for the industry?
This research question is answered by validating the following hypothesis:

Hypothesis one

IS and the practice of reusing by-products from other industries is compatible with
and beneficial to EII operations, and such industries are often at the heart of most IS
systems.
This hypothesis was validated through a three-step research strategy showing the
following points: (i) IS has benefited EII in numerous documented cases, and EIIs
are often strong players in IS cases; (ii) the IS case of the Aalborg industrial area has
already shown beneficial synergies between AP and the surrounding industries, and
AP is at the center of most ongoing synergies; and (iii) further potential for GHG
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emissions reduction is foreseen through the development of new synergies and the
strengthening of existing synergies with local and distant industries.
Indeed, numerous cases of EIIs involved in IS networks have been documented in
the industrial ecology literature. Based on a literature review, a collective approach
to the use and distribution of industrial by-products, such as combustible waste
fractions from material recovery facilities, have helped EIIs to progressively
substitute alternative fuels for a portion of their conventional fuels. This study
continues by analyzing the industrial settings of Aalborg and reveals similarities
with other successful cases of IS, notably the presence of necessary drivers and the
important role played by AP in the identified synergies. The industrial area of
Aalborg presents an emerging case of IS with several ongoing synergies, such as the
recovery and distribution of excess heat and the reuse of residual products as
supplementary cementitious materials. These synergies show some of the benefits
AP receives from its involvement in the local IS system.
The benefits from such practices were quantified over time and analyzed in this PhD
dissertation. The reuse and distribution of by-products has reduced the GHG
emissions associated with the most environmentally damaging processes in the
cement product system of AP. Compared to a scenario where these practices were
not applied, the recovery of excess heat and the use of alternative fuels have led to a
reduction of the direct GHG emissions of AP by 24% from 1980 to 2017.
Additionally, the decarbonization of the national electricity grid has led to a
reduction of 31% in GHG emissions at AP. A significant reduction in emissions was
also obtained from the increased energy efficiency of the clinker production process.
On the basis of the product functionality, the efforts to increase the strength of
cement while decreasing the clinker-to-cement ratio also contributed significantly to
reducing the carbon footprint of cement per Mpa of 28-day strength.
A series of measures investigated during this PhD study, most relying on the reuse
and distribution of by-products, make it possible to further reduce direct GHG
emissions of the factory by 14% in 2030 compared to 2017 levels.
The possibilities for reducing the environmental footprint of a medium-size EII are
substantial, despite significant emissions reduction previously achieved. Industrial
symbiosis and the general reuse of by-products have been and still are a relevant
means to achieving further emissions reduction. Compared to 1990 levels, the series
of measures taken and projected correspond to an overall emissions reduction of
18% and 24% per ton of grey and white cements, respectively. However,
considering the efforts to increase the strength of the cement products, the observed
emissions reduction per Mpa of 28-day strength reaches 35% and 28% for grey and
white cements, respectively, compared to 1990 levels. This is in line with the
roadmap projections issued by Cembureau, the European association of cement
producers and the International Energy Agency report, all of which envisioned a
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reduction in GHG emissions of 24 and 32%, respectively, by 2050, compared to
1990 levels. Compared to 1980 levels, the emissions reduction reaches 57% and
44% per Mpa of 28-day strength for grey and white cements, respectively.
The study continues with the validation of the second hypothesis:

Hypothesis two

Industrial symbiosis can help EIIs, such as cement production, to reduce their
environmental footprint, but only a wide understanding of such systems makes it
possible to operate within optimal conditions without causing environmental
problems elsewhere.
This study validated that hypothesis by analyzing the potential risks of second-order
effects when increasing the sourcing of industrial by-products and secondary
materials in general. The validation of this hypothesis resulted in an answer to the
following sub-question:
 Question 1.a: How should a significant shift in demand for secondary
materials be considered from a life cycle assessment perspective?
This PhD dissertation presents a series of models that address the use of by-products
at different levels in the cement production system in order to reach the GHG
emission reduction targets set for 2030. Those models provide some guidelines to
reach the targets without causing impacts beyond the scope of the factory. The
findings show that a system-wide understanding is needed if IS is to help with
reducing direct GHG emissions. This is especially relevant for by-products that are
subject to high competition, such as biomass-rich alternative fuels or clinker
substitutes like coal fly ash or GGBFS.
These models have a number of limitations, which led to the second sub-question:
 Question 1.b: Are there limits and/or obstacles to the extent IS and the reuse
of by-products in general can help achieve more sustainable levels of
operation?
Several limitations that may restrict EIIs’ efforts to reduce GHG emission are as
follows:
•
•

the increasing scarcity of biomass-rich alternative fuels in Western Europe,
the legislation surrounding the recovery of excess heat in Denmark,
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•
•
•

the limited potential of the national electricity grid to reduce its GHG
emissions by 2030,
the unstable price development of emission allowances in Europe,
the increasing curve of marginal GHG emissions abatement costs, with
corresponding investments not formally supported by the ETS framework.

The limitations of the methods used are also discussed above. Economic equilibrium
models rely on strong assumptions to simplify complex economic realities. Life
cycle assessment suffers, for example, from uncertainties related to modeling,
inventory and impacts characterization. Hybrid LCA models that focus on the use
and distribution of by-products nevertheless give useful insights for EIIs as they are
pressed to find alternatives to the use of non-renewable resources.
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Summary
Through the case of Aalborg Portland, this dissertation explores opportunities for an energy-intensive industry in Denmark to decouple its operations
from the use of non-renewable resources and direct greenhouse gas (GHG)
emissions and thereby sets emission-reduction targets for 2030. Guidelines
are provided to reach those emission-reduction targets through the use and
distribution of by-products while keeping environmental impacts beyond the
factory gates to a minimum. Findings show that using by-products within
cement production and optimizing the distribution of excess heat is an effective way to reduce process and fuel emissions. However, this should be
done with a good understanding of the markets. Because the availability of
a by-product cannot adjust to the demand for it and because competition for
good alternatives to virgin resources has increased, attention must be paid
to reduce environmental impacts beyond the factory gates that may occur by
way of demand displacement. Besides the use and distribution of by-products, increasing cement strength and investing in renewable energy also provide a significant reduction in GHG emissions.
More generally, this dissertation reflects on the role of life cycle assessment
to support energy-intensive industries as they are pressed to find alternatives
to the use of non-renewable resources.
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