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Abstract

Achieving net-zero greenhouse gas emissions by 2050 under the European Green Deal
requires the full mobilisation of industry, especially energy-intensive sectors such as ce-
ment. This study provides an accurate quantification of the environmental performance
of Ordinary Portland cement produced in mainland Portugal using industrial data and a
cradle-to-gate life-cycle model compliant with EN 15804:2012+A2:2019. The results show
that clinker is the main contributor and that the principal hotspots are associated with
thermal and electrical energy supply and the calcination reaction. External factors such
as the electricity generation mix materially influence results, so these processes should
be accurately described and representative of the geographical boundaries associated
with plant operation. Climate change is the most relevant impact category, and the car-
bon footprint is 733 kg CO, per tonne of cement, with 97% attributable to the identified
hotspots. The choice of impact assessment methodology is crucial in life-cycle assessment,
and EN 15804:2012+A2:2019 is not compatible with the earlier A1l revision, which affects
comparability of Environmental Product Declarations. Overall, the study enhances the
measurement and monitoring of sustainability within the cement sector by providing an
explicit industry-wide environmental profile with clear system boundaries and hotspot
resolution, enabling targeted mitigation. It also clarifies the methodological implications of
Environmental Product Declarations, helping to avoid biased comparisons and supporting
procurement, disclosure and policy tracking towards sectoral carbon neutrality.

Keywords: cement; clinker; LCA; environmental profile; carbon footprint; LCIA methods

1. Introduction

The European Green Deal aims to achieve net-zero greenhouse gases emissions by
2050, with a reduction of at least 50% in 2030, compared with 1990 [1], and this target was
updated to a reduction of 55% in the same period, by the ‘Fit for 55" package. Achieving
carbon neutrality and true economic circularity will require the full mobilisation of industry,
particularly energy-intensive sectors, such as cement manufacturing [2], which is responsi-
ble for around 5-7% of global anthropogenic CO; emissions, while it is an indispensable
sector supplying key value chains for societal development [3,4].

Therefore, understanding how to decarbonise cement manufacturing using Life
Cycle Assessment (LCA) is an essential step towards the worldwide green transition
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endeavour [5-7]. Adopting an LCA approach enables the systematic measurement and
monitoring of sustainability within an industrial sector. By supporting comparability
across technologies and sites, it provides relevant markers for sectoral roadmaps and
policy tracking.

1.1. Literature Gap

There are numerous LCA studies concerning cementitious products; however, the
majority tend to study specific cases (i.e., single factories or a single company) or use generic
data (i.e., ‘hypothetical’ production units) [8-16]. Very few studies analyse how a national
or regional industrial sector, composed of multiple companies and factories, can contribute
to national CO, emissions reduction targets. This is because no study that was found has
attempted complete coverage of the entire national industrial sector; rather, some studies
have only analysed part of it, such as Moretti et al.’s analysis of the Italian sector [17].

In addition, while there is literature investigating the effect of using different rotary
kiln fuel mixes, reducing the clinker content or maximising the use of alternative raw
materials [15,18-21], the effect of changing unratified model parameters has not yet been
evaluated. Variables such as the electricity generation mix are overlooked by the other
studies and could potentially have a significant impact on the results. Another often-
ignored aspect is the choice of a suitable Life Cycle Impact Assessment (LCIA) method. This
step is crucial in any LCA research, as it can have a major impact on the results obtained and
therefore on the interpretation by the reader [22]. The EN 15804:2012+A2:2019 [23] standard,
which offers guidance for the development of Environmental Product Declarations (EPD)
for construction products, has been amended in its A2 revision to require the use of a
different LCIA method. Due to its recency, a low number of references were found that
assessed the implications of this revised standard compared to previous releases.

In the context of a lack of studies evaluating the impact of different LCIA methodolo-
gies on results, and in addition to the quantification of the environmental performance of
Ordinary Portland cement, this article also provides a thorough analysis of each impact
assessment method. Particularly, it aims to compare the EN 15804:2012+A2:2019 EF 3.1
(Environmental Footprint) with the previously recommended CML-IA (Centre for Envi-
ronmental Sciences of Leiden University) used in EN 15804:2012+A1:2013, examining the
results obtained with each method. Other methods such as TRACI (Tool for Reduction
and Assessment of Chemicals and Other Environmental Impacts), IMPACT World+ and
older revisions of the Environmental Footprint (EF 3.0) are also considered, and thus a new
perspective in the implications of the use of different assessment methods is provided.

This paper uses real-world data to provide a highly detailed and accurate quantifi-
cation of the environmental performance of producing Ordinary Portland cement in an
entire sector, based on six state-of-the-art plants located in Portugal, which operate the full
production cycle.

1.2. Technical Description of the Product

Cement is a hydraulic binder, i.e., a very fine mineral powder which, when mixed
with water forms a paste that sets and hardens through a reaction of hydration, attaining
strength and longstanding volume stability, even underwater [5,24]. When properly mixed
with aggregates it produces concrete, mortar or cement screed that retains its workability
for an adequate period [5,24]. Ordinary Portland cement is grey in colour and is the most
common cementitious product, the other being ‘white cement’, whose main difference is
the specific raw materials and manufacturing procedures necessary to remove colouring
from the final product.
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1.2.1. Main Constituents

Every cement that conforms to the standard EN 197-1:2012 “Cement—Part 1: Com-
position, specifications, and conformity criteria for common cements” are termed CEM
cement [24], which, depending on the mixture ratios and constituents used, result in several
blends of cement with different properties, being grouped into six main classes [24,25].

e CEM I—Portland cement e CEM IV—Pozzolanic cement
e  CEM II—Portland-composite cement e CEM V—Composite cement
e CEM llI—Blast furnace cement e CEM VI—Composite cement

The hydraulic hardening properties are due to the hydration of calcium silicates, and
therefore the mass proportion of calcium oxide (CaO) and silicon dioxide (S5iO;) must
be at least 50% [24]. The specification also includes references to mechanical strength
starting with three main classes: 32,5; 42,5; and 52,5, which are related with the standard
compressive strength (expressed in MPa), 28 days after setting [24]. Furthermore, there are
three additional classes to represent its early strength (2 to 7 days after setting): ordinary
early strength (indicated by N); high early strength (indicated by R); and low early strength
(indicated by L). Finally, the notation ‘SR’ refers to sulphate resisting cements, and “VLH’
relates to very low heat special cements [24].

The following list describes the most common constituents that make up an Ordi-
nary Portland cement, which is produced throughout the industry using different recipes
depending on the desired blend:

e  Portland Cement Clinker (K)—Material with hydraulic properties and the main con-
stituent. At least 2/3 by mass are calcium silicates (3Ca0.5iO, and 2Ca0.5iO;). The
ratio CaO/S5iO; must not be lower than 2 and the magnesium oxide (MgO) content
must not exceed 5% [24].

e  Fly Ashes (V, W)—Dust-like particles from pulverised coal furnaces flue gases with
pozzolanic and hydraulic properties. By-product that may be silicious (SiO, > 25%) or
calcareous (CaO > 10%) [24].

e Limestone (L, LL)—Common carbonate sedimentary rock, its calcium carbonate
(CaCOs) content shall be larger than 75% by mass and the clay content must be
less than 1.2% [24].

e  Calcium Sulphate—Natural or by-product material that is added to cement to control
setting. It can be either gypsum (calcium sulphate dihydrate, CaSO4. 2H;0), anhydrite
(anhydrous calcium sulphate, CaSOj), or hemihydrate (CaSO4. %2H,0) [24].

e  Ground Granulated Blast Furnace Slag (S)—Product obtained by rapid cooling of
molten iron slag of suitable composition from blast furnace operations with hydraulic
properties. The sum of CaO, MgO, and SiO; constitutes at least two-thirds by mass,
with (CaO + MgQO)/SiO, ratio exceeding 1.0 [24].

e  Other Minor Constituents—Designation that covers other constituents, its total quan-
tity must not exceed 5% of the cement mass [24].

1.2.2. Manufacturing Process

Cement manufacturing is an industrial process that transforms its raw materials input,
normally a combination of limestone, marl, clay, and non-clinker main constituents (or
‘additives’) into cement, whose properties depend on the raw materials and its mixture ratio,
as well as other process variables [5,24]. There are four main manufacturing methods [5,24]:

e  Dry Process—Raw materials (already with low moisture content) are dried while
being ground to a fine powder denoted raw meal. The dry feed is fed to a pre-heater
or pre-calciner rotary kiln system to produce clinker.

e  Semi-Dry Process—The dried raw meal is pelletised with water and fed to a preheater.
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e  Semi-Wet Process—A slurry of raw materials is dewatered in filter presser, resulting
in a ‘cake’ that is extruded into pellets and fed into a pre-heater.

o  Wet Process—A slurry of raw materials with very high levels of moisture are crushed
in water and fed to a kiln or a slurry dryer.

As most European production plants employ variants of the dry process, only this
method is considered hereafter. The cement production units are usually installed close
to the quarries where limestone and marl are extracted through controlled explosions to
create chunks with an average diameter of one metre.

Trucks then move the chunks to a crusher, being pulverised into smaller diameters
in the range of 0 to 80 mm, and from this stage the materials move through conveyor
belts. After crushing, raw materials are stored in pre-homogenising hangars that fine
tune its average composition to improve the overall process efficiency. An X-ray analyser
continuously verifies its composition and, depending on the results, corrective materials
may be inserted to correct deviations [5,24].

In the factory building, production starts with the insertion of raw materials into a
mill, called “raw mill’, where material input is mixed and crushed to a particle size less
than 50 pm, being simultaneously dried using heat from the kiln exhaust.

The resulting output is a homogenised fine powder denoted ‘raw meal’ that is
promptly stored in a silo. A permanent stock is essential to allow the production process to
occur without using all equipment simultaneously, as about 90-150 kWh of electricity are
consumed per tonne of cement at this stage, representing a significant portion of the total
production cost [5,24].

The raw meal arrives at a cyclone system for pre-heating before entering the rotary
kiln, where it is heated up to 1450 °C, causing reactive materials like limestone to undergo
numerous chemical reactions to produce an artificial rock designated clinker which is
composed of four main constituents [5,24]. The main reactions are calcining (1) and
clinkering (2)—(5) [5,24].

CaCO5; — CaO + CO, Calcium Oxide—C (@)

2Ca0 + Si0, — 2Ca0.5i0, Dicalcium Silicate (Belite)—C25 (2)
2Ca0.Si0; + CaO — 3Ca0.Si0, Tricalcium Silicate (Alite)—C3S 3
3Ca0 + Al,O3 — 3Ca0.Al,O3 Tricalcium Aluminate—C3A 4)

4Ca0 + Fe,O3 + Al,O3 — 4Ca0.Al,03.Fe;03  Tetracalcium Aluminoferrite—C4AF  (5)

Keeping the feed heated up requires a constant high caloric input consuming 60 to
130 kg of fuel oil equivalent per tonne. Fuels also need to be prepared in a ‘fuel mill” to
make them suitable for injection into the burner [5,24]. The most common fuel is petroleum
coke (petcoke), although there is a widespread use of alternatives, as around 45-50% of the
calorific input is generated from waste-based fuels or biomass [26,27]. At the exit, the hot
clinker is rapidly cooled in a “clinker cooler’ to maintain the desired properties and, after
cooling, the clinker is subsequently stored in a silo and heat waste can be redirected to a
pre-calciner [5,24].

Calcining consumes around 60% of the heat supplied, and an optional pre-calciner
system can improve efficiency by promoting the reaction before entering the kiln. This
reaction is also responsible for the bulk CO, emissions, as around 525 kg of CO, per tonne
of clinker are released solely through decarbonation [4,5,28,29].

Together with emissions from fuel combustion and the rotary kiln system, these opera-
tions are responsible for almost all GHG emissions from the cement industry, with a signifi-
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cant portion of them originating from a reaction associated with clinker production. For
producing cement blends, a large mill denoted ‘Cement Mill” is used and, depending on the
desired blend, a controlled combination of clinker and non-clinker main constituents (addi-
tives) (such as gypsum or fly ash) are mixed and milled to reach grain sizes of 1-50 pm [5,24].
After manufacturing, finished products are stored in silos before dispatch [5,24].

1.3. Analysis Context and Research Questions

In March 2021, ATIC (Associacao Técnica da Industria do Cimento), the technical
association for the Portuguese cement industry, published its carbon neutrality roadmap,
claiming the possibility to achieve a 48% CO, emissions reduction in the production chain
by 2030 and carbon neutrality by 2050 [27]. It should be noted that in May 2024, Cement
Europe (previously known as CEMBUREAU) updated its net-zero roadmap. The update
considers the progress made since the publication of the report in May 2020, with the aim
of achieving approximately a 78% reduction in CO, emissions by 2040 and full carbon
neutrality by 2050 [23]. At the time of writing, ATIC had not updated its carbon neutrality
roadmap to include a projection for the year 2040. However, it should remain aligned
with its European counterparts, as its objectives for 2030 (404 kg CO,/ton cement) closely
followed those of Cement Europe (399 kg CO,/ton cement) [27,30].

ATIC intends to accomplish its goals by enhancing current technologies, such as
increased use of alternative fuels and through the investment in emerging technologies, for
instance, Carbon Capture, Use and Storage (CCUS) [27].

This paper provides an accurate quantification of the environmental performance of
Ordinary Portland cement produced in mainland Portugal, taken as a case study, which
is representative of the technology used globally, and sets a baseline for assessing the
effectiveness of innovations to be promoted by the industry. The paper looks at the data re-
quired to register an Environmental Product Declaration (EPD), which is an independently
verified document that conveys transparent, credible, and comparable data regarding the
environmental impact during the life cycle of products [23,31], and this is critical to provide
public evidence of the efforts that industry is developing. In accordance with the sectoral
roadmaps, the study improves the measurement and monitoring of sustainability within
the cement sector by providing an explicit, industry-wide environmental profile with clear
system boundaries and hotspot identification, enabling targeted mitigation. It also clari-
fies the methodological implications for EPD, helping to avoid biased comparisons and
supporting the tracking of procurement, disclosure and policy towards carbon neutrality.

Along these lines, the paper has been designed to address specific research questions
related to the topic under review:

(a) What is the environmental impact of manufacturing Ordinary Portland cement?

(b) What are the environmental hotspots within the production chain?

(¢) Could the chosen electricity mix influence the environmental profile of cement?

(d) Would different LCIA methods affect the impact assessment results?

(e) Does the revised EN 15804:2012+A2:2019 specification produce a significant difference
in results when compared to the previous Al revision?

Essentially, this paper aims to conduct an accurate LCA of ordinary Portland cement
produced in mainland Portugal. The main goal is to establish a baseline to promote
circularity and contribute to achieving carbon neutrality.

2. Environmental Assessment Procedures and Methods

Life Cycle Assessment (LCA) is defined as a compilation and assessment of inputs,
outputs and potential environmental impacts of a given product system during its life
cycle. LCA models can be flexible and cover specific phases of a product life cycle
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(e.g., from extraction of raw materials to dispatch) [32-34]. ‘Life cycle’ includes any proce-
dure inherent to the ‘life” of a product, from extraction and production to use, maintenance,
disposal or waste management, and any of its effects upon the environment, such as
resource consumption or hazardous emissions, are considered [32-34].

By examining each different environmental impact category, it is possible to assess
the sustainability of a product and detect critical assets. The framework for LCA involves
4 main interconnected stages [32-34]:

e  Goal and scope describe the target of the assessment and establishes the context in
which the analysis will be implemented and what is its limits.

e Inventory analysis (LCI) identifies and quantifies the inputs and outputs within the
system (energy and material consumption, emissions and others).

e Impact assessment (LCIA) calculates and quantifies the ecological and human health
effects of the system inputs and outputs stipulated in the Inventory Analysis.

e Interpretation stage gathers the results, interprets them and delivers deductions that
can provide the recipients of the report the ability to make informed decisions about
the product’s environmental status considering its production system.

In the present work, LCA was implemented with the support of the software SimaPro®
version 9.5 in compliance with the standard EN 15804:2012+A2:2019 “Sustainability of
construction works—Environmental product declarations—Core rules for the product
category of construction products” [23,31,35,36].

System Boundaries

This LCA study is a “Cradle-to-Gate” analysis covering the Product Stage modules
(A1-A3) for the cement manufacturing procedure (see Figure 1) [23,35]. The packaging and
dispatch procedure are out of the system boundaries and are not assessed.

( Al N\ ( A2 N\ A3 )

Raw Materials Transport Manufacturing
Supply
Extraction of Internal Quarry Transport to the Factory Gate Fuel Milling

Raw Materials External Quarries
Generation of Electricity and
Heat

Ancillary Materials Manufacture
Raw Meal Milling
Clinker Sintering

Internal Transport

I\ VAN ) (T cementmiling )
/ A1-A3 Product Stage \
Internal Valorisation \

External Valorisation }

Landfilling /

Solid Waste Management

Figure 1. System boundaries.

The functional and declared units are used to provide a clearly defined and measurable
reference for the material inputs and outputs during its life cycle, and if a product function
cannot be unequivocally described, a ‘declared unit’ is utilised [23,35]. It enables the
comparison with equivalent products, and it must be related to typical measuring units
used to assess its consumption. As an intermediary product in the construction sector,
cement can be used in various applications and, as such, a mass-based declared unit of one
metric tonne of Ordinary Portland cement was selected.

Figure 2 provides a simplified overview of the system considered and its boundaries,
discerning the foreground and background processes. All the processes the manufacturers
have influence over are considered as ‘foreground’ and are characterised based on primary
and relevant data obtained directly from real-world industrial statistics of the producers.
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Figure 2. Visual representation of the foreground and background processes.

Upstream processes that producers cannot influence are considered as background,
and are thus modelled using generic data denoted ‘Secondary Data’, and its input and out-
puts are automatically calculated based on the declared unit. Secondary data was extracted
from version 3.9.1 of Ecoinvent database and was selected according to its plausibility and
representativeness [37], with the exception of the subproduct ‘Fly Ash’, which was charac-
terised making use of an EPD from ‘BauMineral GmbH’ for a hard coal fly ash product [38].

Processes that are relevant but indirectly involved in the production, such as the
generation of electricity, are also considered foreground, and its characterisation was based
on data obtained from the producers (e.g., electricity consumption) and other relevant
entities. In this case, the unit processes used in the model are obtained from ecoinvent (e.g.,
hydropower generation) with its flows being customised to correspond to the supplied
input-output data.

3. Life Cycle Inventory (LCI)

The LCI stage involves procedures to quantify the most relevant input and outputs
for the product system [32,34]. The EN 15804:2012+A2:2019 [23] data quality requirements
requires the model to reflect the physical reality and the set of data provided to be as recent
as possible [32,34].

3.1. Geographic and Temporal Coverage

The Portuguese clinker and cement industry served as a real word case study
representative of global technologies, as it is composed of six plants, making use of
data collected in 2018.

The expert judgement from the industrial partners is that no perceptible change oc-
curred within the sector, and no substantial technological enhancements were introduced
between the reference year of 2018 and the time of writing. This assertion can be sub-
stantiated by referring to the ‘Community Eco-Management and Audit Scheme’ (EMAS)
environmental declarations for the years 2018 [39—44] and 2023 [45-49] (the most recent
available) for the production centres of each Portuguese cement company (CIMPOR and
SECIL). Please note that these declarations are only available in Portuguese.

These findings serve to confirm that the majority of inputs and outputs remain within
a reasonable range, with differences lower than 20%;. The bigger differences lie in the fuel
mix, with an increase in biomass, a decrease (or no-change) in non-biomass alternative fuels
and a decrease in petcoke. The most significant variations are attributable to the fuel mix,
which is characterised by an increase in biomass, a decrease (or no change) in non-biomass
alternative fuels and a decrease in petcoke.
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Therefore, the specific datasets concerning the year of 2018 are still considered valid
for modelling the current cement manufacturing processes globally.

3.2. Representativeness and Significance

The technological characteristics of Portland cement production are similar across
the whole sector, and the differences are associated with manufacturing details such as
production capacity, variants of the equipment used, the mineral characteristic of the
quarries or ancillary materials consumption.

This technological homogeneity allows the model to fully cover all main technological
features from every production plant, thus reflecting accurately the physical reality of the
product. Essentially, all inputs and outputs obtained from the plants are combined into a
single model to provide results for an average product, while simultaneously maintaining
a high technological representativeness for any of the plants. The entire population of
interest was sampled, and the model is highly representative of the Portuguese clinker and
cement industry; therefore, no sampling error shall be reported.

3.3. Missing Data

Missing data is limited to a few details about secondary raw materials and alternative
fuels, in which information regarding consumption and transportation is available, but
there is not enough data to accurately model the unit processes. Fortuitously, these are
classified as waste from other sectors; therefore, the ‘polluter pays principle’ is applied, and
only the impact incurring from transport to the factory gate shall be modelled [23,32,34,35].

3.4. Clinker-to-Cement Ratio

The industry does often commercialise clinker, so not all manufactured clinker was
used to produce cement within the system boundaries. Yet, all the supplied data related
with the clinker phase concerns the production of all clinker, including the portion that
was not consumed to produce cement. To guarantee that the results are obtained according
to the declared unit of one tonne of cement, the clinker phase was modelled based on an
‘intermediary unit’ of one tonne of clinker.

Being subsequently converted to the declared unit by applying the ‘clinker-to-cement
ratio” (CtCg), which determines the average clinker content in cement [5,24]. Using data
supplied by the producers, the ‘clinker-to-cement ratio” was determined to be 0.779 for the
reference year of 2018.

3.5. Mass and Energy Balances

This section evaluates the material and energy input-output flows for the product
system, following the manufacturing process procedure explained in Section 1.2.2, which
describes all the interactions between the unit processes and the system boundaries within
modules A1-A3. Module Al corresponds to the supply of raw materials and primary
energy, A2 relates to the freight transport of raw materials or fuel to the factory gate and
the internal transport within the factory premises [23,35].

Module A3 describes the flows related with manufacturing of the intermediary
product (clinker) and the main product (cement). Lastly, the flows concerning the man-
agement of solid waste produced within the factory premises across modules A1-A3
are also defined [23,35].

3.5.1. Module A1—Supply of Raw Materials and Primary Energy

Being a resource-consuming process, the extraction and processing of raw materials
play an essential role in cement manufacturing, with Table 1 providing the material flows
during clinker and cement production phase. It addresses the supply from internal and
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external quarries, the use of waste-based alternatives and the consumption of additives
to manufacture each blend. As a foreground process, the internal quarries activities were
modelled in higher detail to include the extraction procedure, namely the use of ANFO
explosives (a mixture containing 96% ammonium nitrate and 6% diesel) and the use of the
quarry machinery [50].

Table 1. Module Al: Extraction and processing of raw materials for clinker and cement phase.

Clinker Phase
Assembly Unit Process Amount (in kg)
Diesel, Burned in Machinery (12M]) 0.3

Internal Quarry Explosives (ANFO) 0.1
Primary Raw Materials Limestone and Marl Extraction 997
(Total Input: 1.30 t) Sand 49.7
Shale 11.3

External Quarries Clay 5.1

Gypsum (For Clinker Production) 17

Corrective Limestone 221

Waste containing Iron 4

Waste containing Calcium 45

External Waste Waste containing Silica 5.8

Waste containing Alumina 2.8

Secondary Raw Materials Waste containing Ca and Si 4.9

(Total Input: 29.6 kg) Internal Waste Waste from Cement Manufacturing 1
Pyrite Ash 0.8

Electric Arc Kiln Slag 3.1

‘Subproducts’ Slag from Zinc Production 1.1

Grit 1.7

Cement Phase
Assembly Unit Process Amount (in kg)

Gypsum (For Cement Production) 54.2
Corﬁ?g;ceﬁzk(ié\fl?tiir\l/es) Conventional Filer (Limestone) 156
(Total Input: 222.8 kg) Limestone (Internal Quarry) 6.6

Alternative Fly Ash 6

As an energy-intensive process, consuming around 147.8 kWh of electricity per tonne
of cement, the electricity mix of the grid used to supply the plants will have a significant
impact on its environmental impact assessment. Therefore, it is essential that the electricity
mix of the reference year reflects reality, especially considering that Portugal has a relatively
high penetration rate of renewable energy. Using publicly available information from
REN, the Portuguese energy company, Figure 3 depicts the electricity generation mix by
type of energy source for the reference year [51]. This information was then employed
as a foundation for modelling energy flows relevant to Module A1, concerning electricity
generation. To achieve this, the ecoinvent process ‘market for electricity, medium voltage
PT” was modified and updated, ensuring its alignment with the most recent data available.
This modification ensured that the contribution of each electricity generation method
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reflected the real electricity consumption patterns in the reference year [51]. Note that

Section 4.2 will analyse the effects of utilising a more recent electricity mix.

Selected Electricity Generation Mix

Figure 3. Electricity generation mix in Portugal for the year 2018 [51].

Inarguably the major step in cement manufacturing, clinker sintering is a highly energy

intensive process, requiring around 2.9 GJ of heat being used to convert the raw meal input

into the necessary produce the clinker requires to manufacture one tonne of cement [5].

Table 2 provides the consumption of fuels, the energy output from its ignition and

the subsequent emissions to air incurring from the combustion reactions within the kiln.

Detailed information concerning the aggregation of Secondary Raw Materials into three

groups (External, Internal and ‘Subproduct’), as well as the fuels classification into four cat-

egories (Fossil, Biomass, Industrial and RDF) are available in the Supplementary Materials.

Additionally, data regarding net calorific value, CO, emission factors and biogenic content

for each fuel type are also accessible on the Supplementary Materials.

Table 2. Module Al: Generation of heat in the rotary kiln to produce one tonne of OPC.

Rotary Kiln Combustion Reaction

Emissions to Air

Combustion Categories Amount (kg) Them:;/l[]()) utput Pollutant Amount (kg)
Petcoke 60.6 CO,—Fossil 210.1
Fossil Fuel 1742
ossii Fue Fuel oil 03 CO,-Biogenic 13
Vegetable 44 Carbon monoxide (CO) 82 x 1074
. . . 4
Biomass Animal 1.3 106 Nitrogen oxides (NOx) 2.7 x 10
veg. 0.06 Sulphur dioxide (SO,) 48 %1075
Coal : p 2 .
C 25.5 Total Organic Carbon (TOC . —4
Industrial Waste ommon 608 otal Organic Carbon ( ) 1.8 x 10
Hazardous 0.9 NMVOC 9.9 x 107°
Residue- Common 15 Ammonia (NH3) 9.1 x 107°
i 456
Derived Fuel Hazardous 3.6 Methane (CHy) 5.3 x 107
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Table 2. Cont.
Rotary Kiln Combustion Reaction Emissions to Air
Combustion Categories Amount (kg) Thern}lavlu()) utput Pollutant Amount (kg)

.. . —6

Total 112 2913 Dinitrogen monoxide (N2O) 29 x 10
Hydrogen chloride (HCI) 9.5 x 1077
Benzene (C¢Hg) 64 x 1077
Hydrogen fluoride (HF) 1.7 x 1077
Hydrogen cyanide (HCN) 7.4 %1078
Chloroethylene (CH,CHCL) 59 x 10°8
Co+Ni+Cu+Zn+Cr+Mn 3.93 x 1078
Naphthalene (C;oHg) 33x10°8
Pb+Cd+Hg+Tl+Sb+As+V 211 x 1078
Phthalate, diisooctyl- (C24H3sO4) 1.1 x 10~°
Polycyclic Aromatic 12

Hydrocarbons (PAH) 5510

3.5.2. Modules A2—Transport

Even though most raw materials are obtained internally and transported mainly
through conveyor belts within the premises, around 36% of the raw material input and
112 kg of fuel must still be transported to the factory gate from external suppliers.

Table 3 depicts the freight transport of raw materials and fuels based on average
transport distance provided by the producers.

Table 3. Module A2: Freight transport of raw materials and fuels.

External Raw Materials

Raw Material Type Transportation Method Freight Transport (tkm)
Road 8.48
Natural Raw Materials o4
Maritime 15.6
Secondary Raw Materials Road 3.76
Maritime 35.9
Road 6.63
Conventional Additives o4
Maritime 50.5
Alternative Additives Rail Transport 279
Road Transport 1.08
Rotary Kiln Fuels
Fuel Type Transportation Method Freight Transport (tkm)
Road 6.29
Conventional Fuels 04
Maritime 286
Road 10.92
Alternative Fuels o4 0
Maritime 73.25

To approach the transport of goods, the concept of tonne-kilometre (tkm) was used,
which represents the transport of one tonne of materials over a distance of one kilometre.
It should be noted that the use of conveyor belts for internal transport is integrated in
the electricity consumption, and the internal quarry transportation is modelled using the
‘Diesel, Burned in Machinery” process.
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3.5.3. Modules A3—Manufacturing

Module A3 concerns the manufacture of the intermediary product (clinker) and the
final product (cement), with Table 4 evaluating the required material and energy flows
to produce 779 kg of clinker and one tonne of cement, respectively. The ensuing emis-
sions occurring from the decarbonation reaction within the rotary kiln and formation of
particulates in the mills and kiln system are also considered.

Table 4. Module A3: Manufacturing.

Intermediate Product Manufacture: Clinker Phase

Input in Manufacturing Process

Emissions to Air

Assembly/Unit Amount Unit Pollutant Amount Unit
Processes
Natural Raw CO,
Materials 1.30 t (Decarbonation) 409 kg
Secondary Raw )
Materials 29.6 kg Particulates 7.5 gr
Rotary Kiln
Combustion 2.9 Gl
Electricity 88.5 kWh
Ammonia 0.7 kg
SO, Absorbents 0.2 kg

Product Manufacture: Cement Phase

Input in Manufacturing Process

Emissions to Air

Assembly/Unit Amount Unit Pollutant Amount Unit
Processes
Clinker 779 kg Particulates 5.1 gr
Non-Clinker
Main
Constituents 215 ke
(Additives)
Alternative
Additives 6 kg
Electricity 59 kWh
Milling
Adjuvants 03 ke
Water, Natural 0.45 m3
Portugal
Tap Water,
Portugal 26.3 kg
Specific Area
Occupied by 1.44 x 1074 ha
Factory

Electricity consumption was aggregated to represent the total usage for the whole
production chain and, as such, every equipment usage (e.g., the crusher, mills, rotary
kiln, conveyor belts, cooling fans, among others) is integrated in the model through its
contribution to the electricity consumption.
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As for the disaggregation between production phases, industrial sources indicate that
the consumption of electric energy is usually distributed as 60% for the clinker phase and
40% for the cement phase.

In a dry manufacturing method, water is mainly consumed for cooling the rotary kiln
and mills, being used during both production phases, usually in a closed loop [5]. As in the
case of electricity, data was aggregated encompassing water consumption during the full
manufacturing chain. Consumption is divided between use of tap water from the supply
network and water abstraction from nature, and water consumption was assigned to the
last downstream process (‘Cement Phase’), which provides the final product.

3.5.4. Modules A1-A3—Solid Waste Management

There is formation of solid waste across all phases of cement manufacturing, and
although most of it is valorised internally, a small portion is sent for landfilling. As in the
previous cases, data was aggregated, comprising the waste formation during the entire
manufacturing process, and the solid waste formed was assigned to the Cement Phase.

Since the overall waste flows are negligible compared with the useful output
(about 0.6%), the external valorisation and disposal of waste are considered to be out
of the system boundaries. Table 5 lists the amount of waste sent for these proce-
dures that was considered, and the ‘avoided product” approach was used to model the
internal re-use of waste.

Table 5. Module A1-A3: Solid waste management.

Product Solid Waste Management
Input Amount (t) Output to Technosphere: Waste Treatment Amount (kg)
Portland Cement 1 Hazardous Waste Sent to Disposal 0.07
Waste Sent to External Valorisation 2.29
Waste Valorised Internally 3.09
Output to Technosphere, Avoided Products Amount (kg)
Waste from Cement Manufacturing (Internal) 0.98

3.5.5. Energy and Mass Flowchart

Figure 4 illustrates the primary material, consumables, water, energy, transportation
and waste flows for a cradle-to-gate LCA study encompassing the information mod-
ules A1-A3. This provides an overview of the full cement manufacturing process in
Portugal for the year 2018, providing insights on how the inventory and its associated
flows were modelled.

3.6. Lifecycle Impact Analysis (LCIA)

LCIA is a procedure to quantify the environmental burden of a product system based
on a declared unit of reference; it includes a collection of different impact categories (IC),
which composes the LCIA profile. As required by the PCR, the core impact indicators
are selected based on the requirements of EN 15804:2012+A2:2019 [23] specification and
presented in Table 6 [23,35]. The characterisation was performed in the LCA software
SimaPro 9.5 using the method ‘EN 15,804 + A2 (adapted) V1.00/EF 3.1” which aligns
its methodology with the Environmental Footprint method (EF 3.1) from the European
Commission, except for the handling of the biogenic carbon. In EN 15804:2012+A2:2019,
biogenic carbon is considered to cause the same amount of Climate change as fossil carbon;
however, its effect can be neutralised by its posterior removal from the atmosphere [23,52].
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System Boundaries — Manufacturing of Portuguese Ordinary Portland Cement
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Figure 4. Overall flowchart for the LCA model.

Table 6. Core environmental impact indicators for ‘EN 15,804 + A2 (adapted) V1.00/EF 3.1’ method [23,52].

Impact Categories Indicators Unit
Climate change—total Global Warming Potential total (GWP-total) kg CO; eq.
Climate change—fossil Global Warming Potential fossil fuels (GWP-fossil) kg CO; eq.

Global Warming Potential biogenic

Climate change—biogenic (GWP-biogenic) kg CO; eq.
Climate change—land use and Global Warming Potential land ke CO, e
land use change use and land use change (GWP-luluc) &2 €4
. Depletion potential of the stratospheric
Ozone depletion ozone layer (ODP) kg CFC 11 eq.
Acidification Acidification potential, mol He eq.

Accumulated Exceedance (AP)

Eutrophication potential, fraction of nutrients
Eutrophication aquatic freshwater reaching freshwater end compartment kg Peq.
(EP-freshwater)

Eutrophication potential, fraction of nutrients

Eutrophication aquatic marine reaching marine end compartment (EP-marine) kg Neq.
N . Eutrophication potential, Accumulated
Eutrophication terrestrial Exceedance (EP-terrestrial) mol N eq.
Photochemical ozone formation Formation potential of tropospheric ozone (POCP) kg NMVOC eq.
Depletion of abiotic Abiotic depletion potential for non-fossil resources ke Sh o

resources—minerals and metals (ADP-minerals and metals) 5 q

Depletion of Abiotic depletion for fossil MJ, net calorific value
abiotic resources—fossil fuels resources potential (ADP-fossil) !

Water use Water (user) deprivation potential, m3 world eq. deprived

deprivation-weighted water consumption (WDP)

4. Results

Table 7 and Figure 5 summarise the LCIA results for core environmental impacts
incurring from producing one tonne of ordinary Portland cement. Upon first observation it
becomes clear that the processes corresponding to Module A1, namely the extraction, sup-
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ply and processing of raw materials together with the generation of primary energy (heat
and electricity), have the largest contribution in all but one category (GWP-Total). Module
A2, which corresponds to transportation, has a modest effect on some impact categories,
such as Acidification; Eutrophication—terrestrial; and Abiotic Depletion—minerals and
metals, but always with a contribution lower than 14%.

Table 7. LCA results for the core environmental impact categories. Obtained from running the

inventory in SimaPro 9.5 using ‘EN 15804 + A2 (adapted) V1.00/EF 3.1” method.

Core Impact

Categories Unit Al A2 A3 A1-A3 Total
GWP-Total kg CO; eq. 3.3 x 10? 8.3 x 10° 4.1 x 10% 1.8 x 1072 7.5 x 10?
GWP-Fossil kg CO; eq. 3.1 x 10? 8.3 x 10° 41 x 10? 2.0 x 1072 12 x 10!
GWP-Biogenic kg CO; eq. 1.2 x 10! 3.1 %1073 6.7 x 1073 2.6 x 1073 7.3 x 102
GWP-Luluc kg CO; eq. 82 x 107! 2.7 x 1074 7.3 x 1074 1.6 x 1074 8.2 x 107!
ODP kg CFC 11 eq. 46 %1076 1.6 x 1077 59 %1078 42x10710 48 x107°
AP mol H+ eq. 5.6 x 107! 8.9 x 1072 45 x 1073 8.9 x 107° 6.6 x 1071
EP-Freshwater kg P eq. 17 x 1072 7.9 x107° 1.8 x 1074 6.3 x107° 1.7 x 1072
EP-Marine kg N eq. 4.0 x 1071 2.1 x 1072 1.0 x 1073 2.8 x107° 42 x 1071
EP-Terrestrial mol N eq. 1.5 x 10° 23 x 1071 11 %1072 29 x 107* 1.7 x 10°
POCP kg NMVOC eq. 1.5 x 10° 7.0 x 1072 6.0 x 1073 12 x 1074 1.5 x 10°
A];II; 1\1\//1[23?15 kg Sb eq. 1.6 x 10°° 22 x 1077 6.0 x 1077 2.7 x 107° 24 x10°°
ADP-Fossil MJ,P.C.1 3.0 x 103 1.1 x 10? 44 x 10! 2.5 x 107! 3.1 x 10°
WDP m3 Vg(e’;ld ed 3.5 x 10! 1.0 x 1071 2.5 x 10! 26 x 1073 6.0 x 10!
WDP 57.8% 0.2%
ADP Fossil 95.2% 3.4%
ADPn':/:;elsra' & 66.1% 9.0% 0.1%
POCP 95.1% 4.5%
EP - Terrestrial 86.0% 13.4%
EP - Marine 94.8% 5.0%
EP - Freshwater 98.4% 0.5%
AP 85.7% 13.6%
obP 95.4% 3.3%
GWP - Total 43.8% 1.1%
0% 20% 40% 60% 80% 100%
Al mA2 A3 11A1-A3

Figure 5. Contribution of each Product Stage Module (A1-A3) to the environmental profile of
Ordinary Portland cement. Calculated using data from Table 7.

Typically, in LCA studies for cementitious products, Module A3 tends to have the
major impact, and indeed, in the current case, Module A3 has a substantial effect on Climate
change [8-14,17] but not on other environmental impact categories.
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This is due to the compliance with EN 15804:2012+A2:2019 [23], which suggests
the incorporation of energy use (i.e., electricity generation) into Module Al rather than
A3 [23]. In fact, the modularity principle states that processes affecting the final product’s
environmental performance throughout its life cycle shall be assigned to the module where
it occurs, and that all environmental characteristics and impacts shall be declared in the life
cycle stage where they appear.

Since energy (like raw materials) is an input in the manufacturing stage, and not a
product, the impact incurring from its generation should be assigned to the module A1 [53].
Module A3 only concerns the consumption of energy, raw materials, other consumables,
machinery use and subsequent direct emissions (e.g., CO, from raw materials decarbona-
tion) for manufacturing the product [23]. Finally, waste formation, which impacts across all
modules A1-A3, is found to have a negligible effect in any of the core impact categories.

Analysing Figure 6, it is evident that the clinker phase is a major contributor for the
overall environmental impact profile. With exception of three impact categories (Acidifica-
tion, EP—freshwater and Water Depletion), the environmental burden incurring from
clinker manufacturing is markedly higher (over 80%), particularly in the case of Cli-
mate change where its contribution is over 96%. Such an outcome is not surprising,
being in line with expectations from the literature, as clinker content is a well-known
factor that dominates the carbon footprint of cement and is regularly referred as a main
pathway for decarbonisation [5,26,27].

8.0%
24.3%
92.0%
5.7%)
obpP AP

6.8%

10.3%

18.8% 15.6%
38.4% 39.7%
20.3%
o
S £ 89.7%)
o1 83.6%
61.6%
40.1%

EP - EP- EP- POCP ADP - ADP - WDP
Marine Freshwater Terrestrial minerals fossils
|
M Clinker Phase Cement Phase Both Phasesand metals

Figure 6. Contribution of clinker and cement phases to the core environmental impact LCIA results.

Nonetheless, clinker is the main constituent of cement, and, to current knowledge, it
is not feasible to fully substitute it with less impactful alternatives while attaining the same
mechanical and chemical properties [5,24]. There are indeed promising developments on
‘low clinker cements’ such as Limestone Calcined Clay Cement or using other binders, but
even these alternatives would still require a clinker content of 50-65% [20,21,54-57].

Figure 7 offers a closer inspection on core impact on different categories, organised
across the main manufacturing processes. One can observe that the rotary kiln system, part
of the clinker manufacturing, is primarily responsible, specifically due to fuel combustion
and decarbonation of raw materials.
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M Rotary Kiln Combustion Decarbonation of Raw Materials B Waste Formation
Figure 7. Characterisation of the core impact indicators results for cement manufacturing (Modules A1-A3).

While the former can be tackled through the increased usage of waste and biomass
as alternative fuels, the latter is mostly unavoidable as the calcining is an essential step to
produce clinker and provide its desired properties [5].

Figure 7 also reveals the second most relevant factor to be generation of the electricity
that is consumed during manufacture, an indirect impactor as the environmental load
happens outside geographic boundaries and is independent of producers.

This effect is particularly visible in five impact categories: Acidification potential;
Eutrophication—freshwater; Eutrophication—terrestrial, Abiotic Depletion—fossil; and Wa-
ter Depletion, whose results appear to be influenced by electricity generation (above 20%).

Although expected by the literature, the LCIA results obtained from this inventory ex-
pand the knowledge on the subject by providing a precise division of impact between each
process and sub-process, being able to accurately pinpoint hotspots. For instance, besides
the CO, emissions originated from calcining, which affect Climate change substantially,
all impact categories seem to be almost entirely affected by heat and electricity generation,
especially during clinker phase, which is particularly energy intensive. Moreover, the
rotary kiln system (including combustion and calcining reactions) together with electricity
generation are the major contributors for all core environmental impact categories (Table 8).

With the exception of Abiotic Depletion—minerals and metals and Water Depletion,
the two processes are responsible for over 85% of the impact from all the remaining
categories. Beside the aforementioned exceptions, the contribution from freight transport
(see Figure 5), extraction and processing of materials (raw, ancillary or consumables) and
formation of waste is deemed not substantial in the majority of the impact categories.

In conclusion, the LCIA results confirm that calcining, energy use and clinker content
are clearly the key assets that direct the environmental impact of cement manufacturing,
and are the evident targets for enhancement. These needs are indeed reflected in ATIC
carbon neutrality roadmap, whose main goals are centred on improving energy efficiency,
increasing the use of alternative fuels, reducing the clinker content, using decarbonated
raw materials and betting on emerging technologies such as carbon capture.
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Table 8. Distribution of the core impact indicators between materials supply, energy and waste

formation.
C:zgz:;es GWP ODP AP  EP-F EP-M ETP " POCP QZ; I';’:ESI:I WDP
Materials Supply  12% 3.5% 9.6% 4.9% 1.8% 14.7%  4.6% 43.8% 3.9% 47.7%
Energy 441% 96.5% 90.4% 95.1% 98.2% 85.3% 95.4% 56.1% 96.1% 52.3%
Electricity 73% 18.0% 51.3% 12.7% 93.1% 34.0% 11.7% 18.0% 22.3% 48.9%
Rotary Kiln = 570, 78.5% 39.0% 824%  50%  513% 838%  38.1% 738%  34%
Comb.
QAN sz 00% 00% 00%  00%  00% 00%  00% 0.0%  0.0%
Waste Formation  0.0% 0.0% 0.0% 0.0% 0.0% 0.0%  0.0% 0.0% 0.0% 0.0%
4.1. Carbon Footprint Analysis
Normalisation is a controversial tool among LCA practitioners; however, it provides
some insight concerning the relative importance of each impact category for specific
cases [58]. The ‘EN 15804 + A2 (adapted) V1.00/EF 3.1 LCIA method from SimaPro
provides normalisation based on the European Commission method ‘Environmental Foot-
print 3.1” which was used to obtain the results depicted in Figure 8 [52].
0.1
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0.08 +—
0.07 +—
0.06 +—
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0.03 -
0.02 -
0.01 + - I — - o
” GWP-Toml  ODP | AP EP-Marine  EP- I " rocr | AP ADP-fossls wop
Freshwater Terrestrial minerals and
metals
Natural Raw Materials Secondary Raw Materials ® Additives % Alternative Additives
Consumables (Clinker Phase) Consumables (Cement Phase) Electricity - Clinker Electricity - Cement
Water Consumption = Rotary Kiln Combustion Decarbonation of Raw Materials B Waste Formation

Figure 8. Normalised results for the core environmental impact indicators [52].

The general perception gathered from the cement sector recent endeavours, is that
focus is undoubtedly on decarbonisation [3,26,27,59-62]. The normalised LCIA results
from Figure 8 corroborate such a stance, as Climate change is distinctly the most relevant

category amongst all core impacts indicators.

To expand on the topic, Table 9 and Figure 9 provide a carbon footprint analysis to
assess CO, flows from every process or subprocess. Not to be confused with the impact
category ‘Climate change” which is expressed in kg CO,-equivalent and includes the
contribution of other greenhouse gases (such as methane) to the overall impact, this carbon

footprint analysis focuses solely on carbon dioxide emissions.
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Table 9. CO; footprint (in Kg of CO, emitted) from manufacturing one tonne of Ordinary Portland
cement in Portugal.

Process

(Porcontage) NRW SRW AD ADyy ELc ELcp RKC Ca wC DRW  WF

g%%,/o_)&ogemc 37x1072  60x107% 25x102 37x10° 45 68 12.3 12x1072  68x10% 94x10% 0 48x10°*

CO,—Fossil 3.03 0.715 1.57 0.207 191 287 244 1.97 48%x103 409 1.8x10°2

(40.9%)

Sg;;gmers 36x10%  19x10°° 14x107* 69x10°° 8.1 x 1071 28x10~%  13x10~% 55x107% 62x10° 0 1.6x10~*
Total 3.07 0.72 1.60 0.21 239 36 256.3 1.98 0.01 409.00 0.02

Legend: ELc—Electricity Consumption (Cement Phase)

NRW—Natural Raw Materials

SRW—Secondary Raw Materials
AD—Non-Clinker Main Constituents (Additives)
ADap—Alternative Additives

ELcL—Electricity Consumption (Clinker Phase)

RKC—Rotary Kiln Combustion
Ccr,—Consumables (Clinker Phase)
Cc—Consumables (Cement Phase)
WC—Water Consumption
DRW—Decarbonation of Raw Materials

* Land Use and Decarbonation

WF—Waste Formation

Decarbonation of Raw Materials

Electricity Production

Others Electricity Production
1.11% 8.17%

Rotary Kiln Combustion
34.95%

= Rotary Kiln Combustion Decarbonation of Raw Materials Others

Figure 9. Sources of CO, emissions.

The overall CO, emissions are around 733 kg per tonne of cement manufactured,
and unsurprisingly the decarbonation reaction, rotary kiln combustion and electricity
generation are the largest sources, being responsible (direct and indirectly) for 409 kg
(56%), 256 kg (35%) and 60 kg (8%) per tonne of cement, respectively. Together these
critical processes correspond to over 98% of the total carbon released to the air from this
industrial sector. Moreover, 96% (~701 kg) of the emissions are related to the clinker phase,
and over 90% (633 kg) originate directly from within premises of the production units
(see Tables 1, 2, and 7), mainly from the kiln exhaust chimneys (632 kg) and a small portion
from vehicles and machines such as the quarry trucks (~1 kg)—data obtained from SimaPro
9.5 software.

Regarding the nature of CO,, around 40.9% has a fossil origin, 55.8% is from other
sources (mainly dicarbon ation) and only 3.2% has a biogenic nature from biomass com-
bustion in the rotary kiln and co-generation power plants. In the reference year of 2018,
the Portuguese cement industry was responsible for releasing over 3.9 million tonnes
of CO, to the atmosphere, which corresponds to roughly 7% of the total Portuguese
emissions (53.9 Mton) on that year [63].
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4.2. Electricity Generation Mix Sensitivity Analysis

Although the industrial partners refer that no perceptible change occurred internally
within the sector, the electricity generation mix directly influences LCIA results, and
here the inventory contemplated a 19% contribution from coal power plants. Figure 10
demonstrates the effect of the more recent energy generation mix by comparing the LCIA
results using the original 2018 mix against a newer mix from 2022 in which coal production
is negligible (2022 production mix available in the Supplementary Materials) [51,64].

100% 100% 100%
~100% —100% ———100% 100% —— " 100% —— 100%—
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e 92% 95% | 96% 87%
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GWP - Total obp AP EP - EP - Marine EP - POCP ADP - ADP - Fossil WDP

Freshwater Terrestrial Minerals &
Metals

Electricity Mix 2018 Electricity Mix 2022

Figure 10. Comparison between LCIA results using 2018 (baseline) and 2022 electricity generation
mix in Portugal.

As anticipated, the impact categories that are more impacted by electricity generation
are also the most affected, particularly Eutrophication—freshwater whose impact under
the 2022 mix is almost a sixth of the original result and Acidification potential, with a
reduction exceeding 30%. Other categories, such as Climate change, are not so affected as
the magnitude of the impact originated from within the factory premises is so large that,
by comparison, any other factor is relatively small. Furthermore, there are also categories,
such as Ozone depletion, that worsen with the change, albeit at a very small scale that can
be considered negligible. In essence, apart from some exceptions, overall changes are not
very substantial but are still meaningful and prove to be insightful.

For instance, this analysis also demonstrates how parts of the environmental profile for
cement manufacturing can be highly sensible to external factors outside of the producer’s
influence and potentially taint result interpretations by policymakers. In the case of fresh-
water eutrophication, most of its impact was seemingly due to electricity generation from
coal power plants rather than any activity occurring within the cement production units.

While cement producers are proposing in-house electricity generation through renew-
ables and heat waste co-generation in order to alleviate their external energy dependency,
it will always be dependent on the electrical grid to some extent. LCA studies for cement
manufacturing shall always consider, acknowledge and guarantee representativeness of
the electrical grid mix as it can affect the final environmental profile and potentially skew
result interpretations.

4.3. Effect of Using Alternate Impact Assessment Methodologies

The LCIA stage aims to measure the environmental impact of a product or service
system by converting each substance flow within the inventory into environmental impact
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categories (e.g., Climate change in kg CO,-eq). This transposition is achieved through linear
weighted aggregation, using characterisation factors (CF) to determine the contribution of
each substance flow to a specific impact category unit [65,66].

‘LCIA methods’ are ready-made sets of CFs for a pre-selected group of impact cate-
gories, allowing the LCA practitioner to easily attribute quantifiable environmental impacts
to a modelled system [65,66].

A wide range of methods are available, usually adapted to the challenges of a specific
region (e.g., EU EF 3.1) or focused on a single issue (e.g., energy demand). Each method
may use different sets of CFs for the same substances flow in equivalent impact categories,
leading to different results even if the system being assessed is the same. In addition, some
methods use different units for identical categories (e.g., Acidification potential in EF 3.1
has the unit ‘mol H*’, whereas CML-IA uses ‘kg SO,-eq’). These discrepancies introduce
uncertainties that may cause confusion for readers trying to compare the environmental
impacts of two similar products [22,67,68].

LCA practitioners usually select a LCIA method based on the goal and scope of a study,
but in specific cases the list of impact categories and their units are defined by guidelines.

In this paper, being in the context of an EPD, the EN 15804:2012+A2:2019 standard pro-
vided the guidance [23]. However, from October 2022, a revised version of the standard (A2)
became mandatory, implementing a different impact assessment method that introduced
new impact categories, changed the units of the existing ones and adjusted the CFs.

In order to assess the impact of using different impact assessment methodologies and
to examine the changes introduced by the A2 revision, nine methodologies were selected
from the SimaPro 9.5 software (see Table 10) to compare the results obtained in four im-
pact categories that share the same unit to ensure direct comparability: Climate change
(kg CO,-eq.); Ozone depletion (kg CFCy;-eq.); Resource use (or Abiotic depletion)—minerals
and metals (kg Sb-eq.); and Resource use (or Abiotic depletion)—fossils (M]).

Table 10. List of the selected impact assessment methods for the comparative study [52,68-75].

Impact Assessment Method Region Observations
Environmental Footprint, EF 3.1 (Adapted to . .
A EN 15804:2012+A2:2019) Europe Used by EN 15804:2012+A2:2019
B CML-IA Baseline Europe Used by EN 15804:2012+A2:2019
Environmental Footprint, EF 3.0 (Adapted to . .
C EN 15804:2012+A2:2019) Europe Used by EN 15804:2012+A2:2019
D Environmental Footprint, EF 3.1 Europe Original Version
E EPD 2018 Europe
F IMPACT World+ Global
Tool for Reduction and Assessment of
G Chemicals and Other Environmental Impacts, North America
TRACI 2.1
H Building for Environmental and Economic North America

Sustainability, BEES +

Intergovernmental Panel on Climate Change,
IPCC 2021

Global Single Issue

Table 11 and Figure 11 compare the environmental impacts of manufacturing
ordinary Portland cement (based the inventory established in Section 3) using the
designated LCIA methods.
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Table 11. Results for equivalent categories, using various LCIA methods. Legend on Table 10.

Impact

Unit A B C D E F G H I VAR
Category
Ccﬁlai‘gf kg CO; eq. 746.8 733.1 760.7 734.6 733.1 739.4 731.3 729.4 7336 4.2%
Ozone 6 6 6 i 6 5.0 X 5.0 X 6 o
depletion kg CFCy; eq. 4.8 x10 3.8x10 4.8 x 10 4.8 x10 3.8x10 106 10-6 3.1 x10 NA 44.2%
Resource
use, MJ 3144 3092 3144 3144 3092 3375 NA NA NA 8.9%
fossils
Resource
use,
minerals,  kgSbeq. 24x10°° 2.6 X 107° 24x107° 24%x107° 2.6 x10°° NA NA NA NA 5.4%
and
metals

VAR—Variance between maximum and minimum value registered and the average result. Maximum Value
Minimum Value.

Climate change Ozone depletion
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Figure 11. Effects of various impact assessment methods on the results of equivalent impact categories.
Legend on Table 10.

At first glance, it is clear that Climate change shows the least variability, which is
in line with expectations as it is a fairly mature category where most of the methods are,
to some extent, based on the IPCC method [65]. However, some discrepancies are still
observed, with a range between 729.4 and 760.7 kg CO,-eq (4.2% of the average result).

A notable case in cement environmental studies, and a plausible justification for the
discrepancy observed, is the approach to biogenic carbon.

Some methods, such as CML-IA (used for EN 15804:2012+A1:2013), consider all
biogenic carbon flows neutral, regardless of their origin or system boundaries, whereas
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EN 15804: A2 assumes that biogenic carbon contributes to Climate change and is only
neutralised when it is removed from the atmosphere [18,68,69,76].

As approximately 13 kg of biogenic carbon is emitted per tonne of cement (see Table 2),
most of the differences between the LCIA results can be justified, within reason, with
the handling of biogenic carbon by the different impact assessment methods. In fact,
looking at the CFs of the nine methods, only EN 15804:2012+A2:2019 (EF 3.1) and EN
15804:2012+A2:2019 (EF 3.0) give a positive contribution of ‘+1” to biogenic carbon emis-
sions, being precisely the methods that outputted the most severe impacts, while the rest
considers a null contribution or do not even cover biogenic carbon flows at all [52,68-76].

Ozone depletion is the most affected of the analysed categories, ranging from
3.1 x 107° to 5.0 x 107° kg CFCy;-eq, with this range representing almost 44% of av-
erage result. Methods based on the Environmental Footprint (EF) have comparable results,
among the highest, suggesting the use of CFs that are more penalising. The other European
methods are those used in previous revisions of the EPD standards (“CML-IE” and “EPD
2018”).

These are more lenient (~20% less impactful result), meaning that the methods chosen
for the revised standards use a different set of CFs, which significantly changed the results
for this category. The last group concerns IMPACT World+ and TRACI, which are the most
penalising methods for this category. Although these produce similar results, they do so
for different causes, either by using a rigorous CF, as in the case of IMPACT World+, or
because of a greater coverage of substances, as in the case of TRACI, whose list of CFs
contains 96 elements (for comparison, EF 3.1 contains 46 substances in its Ozone depletion
CF list). As for BEES+, it is an outlier, using the most lenient set of CFs, which upon further
consultation reveals a CF list of only 6 substances with mild weighing [72-74].

The two Resource use categories (or abiotic depletion) show the same trend, where the
methods based on Environmental Footprint give the same result, indicating that the CFs
remain the same as those used by EF 3.0. As for CML-IA and EPD 2018, the results are also
identical between them, with slightly lower results in the case of fossil and slightly higher
results in the case of minerals and metals, when compared to the EF-based methods. This
suggests that the CFs have been slightly revised, but not to the extent that they produce
significantly different results, as was the case for Ozone depletion. As for IMPACT World+,
it is again characterised by its harsher results, suggesting that this method is generally
based on sets of CFs that provide ‘worst case scenarios’. Apart from Climate change (which
is still the ‘neutral biogenic carbon method” with the most austere result), IMPACT World+
has the harsher results across the board, indicating that this method is particularly severe
in its environmental impact assessment.

The selection of an impact assessment method is an essential step in an LCA study,
and the practitioner is expected to make their choice based on the objective and scope
of the project, or on standards such as EN 15804:2012+A2:2019 in the case of EPDs for
construction materials.

LCIA methods must not be directly compared as different categories, units and char-
acterisation factors are used, even if the same inventory is used and the impact category
units are the same.

Different results can be expected, with differences ranging from less than 2% to
more than 44% compared to an average result, depending on the impact category. The
LCA practitioner should be aware that different methods produce different results, with
some methods, such as IMPACT World+, appearing to be more punitive in their impact
assessment and others, such as BEES+, tending to be more forgiving in their results.

These different LCIA results can therefore lead to different interpretations by the
reader depending on the method chosen, so the LCA practitioner, if given the opportu-
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nity, should provide different results using different methods to provide a solid support
for their conclusions.

Figure 12 shows the variance between the results obtained by running EN 15804:
2012+A2:2019 and the EN 15804:2012+A1:2013 (CML-IA) methods, providing a platform
for comparing the two versions of the standard for the impact categories that retain the
same unit. Climate change and Resource use—fossil show the lowest variability (less
than 2%), with the newer standard yielding a slightly higher result. For Ozone depletion,
on the other hand, the outcome is very disproportionate, with the new standard producing
a result almost 20% higher than the previous revision, which is a significant difference,
probably due to a heavily revised set of CFs.

-2.0%
-4.0%
-6.0%

20.1%
1.8% 1.6%
-5.5%
Climate change Ozone depletion Resource use, minerals and Resource use, fossils
metals

Figure 12. Percentual variance between LCIA results from EN 15804:2012+A2:2019 based on EF 3.1
and EN 15804:2012+A1:2013 based on CML-IA baseline.

Resource use—minerals and metals was the only case where the impact decreased
using the method recommended by the revised standard, with a significant decrease of
5.5%. It should be noted that the last two impact categories are allegedly the least relevant
for the cement environmental profile (see Figure 8), but this may not be the case for other
product systems.

Consequently, with regard to the revised EN 15804:2012+A2:2019 standard, the dis-
parities remained comparatively minor (albeit quantifiable) for the majority of categories
that maintained the same unit (less than 6%), with the exception of one impact category,
where the outcomes exhibited substantial variation. Therefore, direct comparisons between
EPDs based on the previous revision and the current revision must be clearly discouraged
to avoid erroneous comparisons between incompatible documents.

5. Conclusions

This work developed an accurate representation of the environmental profile of the
average Ordinary Portland cement, with a view to producing an Environmental Product
Declaration and providing a detailed study of the current performance of this industrial
sector. A detailed Life Cycle Assessment (LCA) model has been successfully applied, and
the results of the impact analysis are in line with expectations from the literature.

The clinker production phase, in particular the rotary kiln system, was found to be the
major contributor to the overall environmental impact of cement. The high resolution of
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the model allowed the identification of environmental hotspots related to the generation of
thermal and electrical energy, as well as the calcination reaction within the kiln. Exogenous
factors, such as electricity generation, were found to have a significant impact on some
environmental impact categories, and therefore the modelling should be accurate and
representative of the region of interest. Climate change is the most relevant impact category,
and the product carbon footprint analysis showed an average emission of 733 kg CO, per
tonne of cement produced, of which 97% is from the environmental hotspots.

It should be noted that between the reference year and the moment of writing, the
composition of the fuel mix for the rotary kiln was subject to alteration. This fact may have
some impact on the results. However, the differences are not considered significant enough
to lead to a change in the main conclusion of this paper.

The choice of an impact assessment method is crucial, as it can strongly influence the
results and their interpretation. To minimise such problems, LCA practitioners should
consider providing results from more than one method where possible.

As transparency and comparability are a cornerstone of EPDs, it is important to recog-
nise that construction materials EPDs submitted after the A2 revision became mandatory
(October 2022) will be incompatible with EPDs based on previous amendments. Further-
more, as these documents have a validity period of 5 years, this problem is bound to persist
until October 2027.

Newly submitted EDPs should clarify this issue to avoid incorrect comparisons be-
tween documents that may appear comparable to unqualified readers, such as a client
selecting the more environmentally friendly material for a project.

Following work should focus on evaluating the cost and effects of implementing
ATIC carbon neutrality roadmap, especially the deployment of emerging technologies
such as Carbon Capture, Use and Storage (CCUS), Limestone Calcined Clay (LC®) or other
alternative binders, as the literature suggests that clinker substitution is a valid and effective
measure to mitigate the carbon emissions [18,19,21,55,57].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/su172210346/s1. A document will be published alongside the
main manuscript containing the data quality level assessment (according to UN Environmental
Global Guidance on LCA), the inventory of alternative fuels and secondary raw materials consumed.
It also includes the biogenic carbon content of all fuels, its heating values and carbon intensity, as well
as information concerning the Portuguese electricity generation mix for 2022 [23,28,29,37,64,67,77-80].
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Acronyms

AD
ADP-Fossil
ADP-Minerals and Metal
ALT. AD
ANFO

AP

ATIC
BEES+

CaO

CCUS

CEM

CF

CO,
CML-IA
CON. CEM.
CON. CLK.
CtCr

DAP

DRW

EF

EL
EP-Freshwater
EP-Marine
EP-Terrestrial
EU

EPD

GHG
GWP-Biogenic
GWP-Fossil
GWP-Luluc
GWP-Total
IMPACT+
IPCC

LC3

LCA

LCI

LCIA

NRW

ODP

PCR

POCP

RDF

RKC

SiO,

SRW

TRACI

WC
WDP
WF

(Non-Clinker Main Constituents) Additives

Impact Category, Abiotic Depletion—Fossil

Impact Category, Abiotic Depletion Potential —Minerals and Metals
Alternative Additives

Explosive, Ammonium Nitrate diesel Fuel Oil

Impact Indicator, Acidification Potential

Technical Association for the Portuguese Cement Industry

LCIA Method, Building for Environmental and Economic Sustainability
Calcium Oxide; Lime; Quicklime

Carbon Capture, Use and Storage

Cement

Characterisation Factor

Carbon Dioxide

LCIA Method, Center of Environmental Science

Consumables (Cement Phase)

Consumables (Clinker Phase)

Clinker to Cement Ratio; Clinker Content

Declaragao Ambiental de Produto in Portuguese (EPD in english)
Decarbonation of Raw Materials

LCIA Method, Environmental Footprint 3.0 or 3.1

Electricity Generation

Impact Indicator, Eutrophication—Freshwater

Impact Indicator, Eutrophication-Marine

Impact Indicator, Eutrophication—-Terrestrial

European Union

Environmental Product Declaration

Greenhouse Gases

Impact Category, Climate Change Biogenic

Impact Category, Climate Change Fossil

Impact Category, Climate Change Land Use and Land Use Change
Impact Category, Climate Change Total

LCIA Method, IMPACT World+

Intergovernmental Panel on Climate Change

Limestone Calcined Clay

Life Cycle Assessment

Life Cycle Inventory

Life Cycle Impact Assessment

Natural Raw Materials

Impact Category, Ozone Depletion

Product Category Rules

Impact Category, Photochemical Ozone Creation Potential
Residue Derived Fuel

Rotary Kiln Combustion

Silicon Dioxide

Secondary Raw Materials

LCIA Method, Tool for Reduction and Assessment of Chemicals and
Other Environmental Impacts

Water Consumption

Impact Category, Water Depletion

Waste Formation
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