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Parameterized environmental impacts of ready-mixed concrete in Spain

This study includes the assessment of all possible combinations of ready-mix concrete
encompassed in a reference construction database of building materials for Valencia
(Spain). All concrete components are considered in the calculation: cement, water,
aggregates, and admixtures. The life cycle assessment methodology was used to calculate
the environmental impacts of each material, including the modules A1-A3, i.e., production
of raw materials, transport, and manufacturing, and impact categories in accordanceawith
EN 15804:2012+A2:2019. This study shows that cement is the concrete compaonent with
the greatest overall impact on the environment. Furthermore, the impact forithe Glebal
Warming Potential (stages A1-A3) can double depending on the type of cement;with CEM
I and CEM II types having the highest impact. The regressions_ abtained for each impact
category allow to predict the environmental impacts of every ready-mixigoncrete and also

to analyze the relative importance of each concrete compeneni’in each impact category.

KEY WORDS: Life Cycle Assessment (LCA), Congtete, cements, concrete dosage,

environmental performance, parametric analysis.
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1. Introduction

In the existing literature#itis, commonly known that concrete is the most consumed material as
well as one of the major causes of environmental impacts in the construction sector [1,2]. In
recent years, geveral studies have been focused on the sustainable improvement of the ready-
mixed concretesproduction. Indeed, since 2014, there has been a notable growth in studies using
the life cycle assessment (LCA) methodology to this aim [3].

ACwidely agreed result is that, among all concrete components, cement is the one that
causes the greatest environmental impacts [2—-6]. Additionally, cement has been also stated as the
material with the greatest economic impact [5]. In recent literature, one of the main focus of

research has been the environmental assessment and comparison of concretes including recycled



aggregates or components such as fly ash, blast furnace slag or pozzolana [4-10] in order to find
more sustainable and environmentally friendly concretes.

Given the large amount of concrete used globally each year, any environmental
improvements achieved will significantly reduce the impacts of the construction sector.
Although much research is currently being carried out in this area and interesting results are
being obtained, some studies have warned that there are certain gaps in the studies®that, need to
be addressed [1,3,4,11]. For example, a major issue is the lack of studies assessing
environmental impacts holistically [1]. Concrete is known to be carborintensivejihowever, LCA
methodology allows impact data to be obtained for other importaht categories'such as toxicity or
depletion of non-renewable resources that should also be taken into aceount [3]. Another
conflicting issue is the neglect of specific concrete phases Qr comjgonents because they have been
considered insignificant on the basis of previous studies [1,4]. This has been a reason for some
studies not to consider e.g. water consumption because of its low impact, or the use of
admixtures because of their low contentyin thesmix [1,12]. In addition, an alarming issue is the
need for studies to be transparéntaboutihe criteria, data, functional unit and other basic
methodological choicesdisedhto conduct LCA studies [3].

To these shortcomings defined in the previous paragraph, we must add the fact that the
majority of published research studies show their results for a very small number of generic
samples, whichteduces the detail and rigor of the conclusions obtained. For example, several
studies are found in which results for less than 10 concrete mixes are provided [8-10,13-20]. In
other research, less than 15 concrete mixes are assessed [2,21,22]. A more ambitious study
analyzed 28 concrete mix combinations, but all of them comprised the same cement type (CEM
1) [6]. As exceptional cases, two studies using larger samples were found. First, a study in which
more than 200 concrete mixes had been analyzed, obtained from 24 previous references, all of

them using CEM | or CEM 11 in the mix [5]; and second, a study in which more than 600



recycled aggregate concrete mix designs collated from 61 individual studies had been assessed
[23].

This research is the result of an analysis carried out for the Instituto Valenciano de la
Edificacion (IVE, i.e., Valencia Institute of Building, Spain) in which all possible combinations
in the concrete composition within its reference database of building materials were assessed.
The study, analyzing more than 1500 combinations of concrete dosage and compeSitien,
overcomes some of the previously defined problems. In the following sectian, the materials and
method of the research are explained, including the scope of the study, the impacticategories
considered, the functional unit and other relevant methodological considerations in order to be
transparent with the LCA methodology. All concrete comp@nents are ¢onsidered in the
calculation: cement, water, aggregates, and admixtures. Se¢tion 3:'shows the life cycle inventory
analysis detailing the data sources, the electricity mix modelused for Spain, the cements
inventory, transport of raw materials as weéll as theigoncrete manufacturing inventory. Results are
shown in section 4 for all the impact categories according the standard EN
15804:2012+A2:2019, with special attention to the global warming potential and the abiotic
resource depletion potential.Section 5 presents a parametric analysis of the results that allows to
predict the environmental impacts of every ready-mix concrete and also to analyze the relative
importance of each,parameter in each impact category. Discussion is given in section 6 and

finally, thesm@stirelevant conclusions are summarized at the end of the study.

2. Materials and method

This study includes the assessment of ready-mix concrete. The LCA methodology was used to
calculate the environmental impacts of each material, considering their use in the VValencian
Community (Spain). Additionally, LCA was performed in accordance with the guidelines

provided by the new standard EN 15804:2012 +A2:2019.



2.1 Scope and system boundaries

Regarding the materials, the scope of this study includes all the parameters considered in the IVE
2020 construction database to define the ready-mix concrete (references PBPC.2$ to PBPC.8).

Ready-mixed concretes containing recycled raw materials are not considered in any case.

The LCA was calculated according to the standards UNE-EN-ISO 14040 and UNE-EN=ISO
14044 of Environmental Management — LCA and the standard UNE-EN 15804:2012+A2:2020
of Sustainability in Construction (the Spanish equivalent of the Europeanstandard EN
15804:2012+A2:2019). The system boundary for this study follows"@cradle-tg-gate approach,
including the modules A1-A3, i.e., production of raw materials, transport, and manufacturing
(Figure 1). Additionally, the cut-off criteria for all activity stage.flows considered within the
system boundaries are also in accordance with EN 15804:2012+A2:2019.

On the other hand, this LCA excludes: (iyproduction and manufacture of concrete
production equipment, concrete transpert,vehigles, earthmoving equipment, and laboratory
equipment; (ii) staff-related activitiesi(travels, furniture, office supplies); and (iii) non-productive
activities such as selling activities. Irithe calculation of this LCA, double counting or omission
of inputs or outputs through‘allocation has not been considered in any case.

The system defined in Figure 1 results, depending on the dosage used in the mix, in an
infinite nimber of ready-mixed concretes. In this study, a total of 1505 possible concrete
comibinations have been included in the analysis. Environmental impact data were preferably
obtained from Environmental Product Declarations (EPD) and LCA of Spanish products. In the
absence of data from Spain or insufficient certainty, data from commercial databases and/or
literature, as well as from the Ecoinvent 3.6 database using the SimaPro 9.1.1 tool [24] were

used.



It should be noted that, although this research is focused on the materials of the reference
construction database of the Valencian Community, the results could apply to the whole of

Spain, since the sources of information used were mainly national in scope.

2.2 Impact categories

The impact categories were selected according with the standard EN 15804:2012+A2 of
Sustainability in Construction. This Standard incorporates new units and developments in some
impact categories with respect to the previous EN 15804:2012+A1 by d@dopting the EF method
[25], except for biogenic carbon. The EF method updates the ILGD 2011 method [26]. The
previous standard, EN 15804:2012+A1, was based on the GML- 1A baseline method with the
exception of acidification, which was based on the CML-IA nonsbaseline method [27]. The
SimaPro v. 9.1.1.1 software incorporates, amongits calculation methods, the EN 15804 +A2
Method V1.00 / EF 3.0, which allows the @assessment of impacts in the impact categories and
methods indicated in the new standard. ASwastransitory solution, an adjustment of the
environmental impact values obtained from-the EPDs that are based on the previous standard EN
15804:2012+A1 to the newnstandard was made.

The climate change category in the new EN 15804:2012+A2 standard is still based on the
latest IPCC model [28]. In addition, the contents of fossil carbon, biogenic carbon and land use
and land 'use change carbon (luluc) must be provided. In the case of cements and concretes, the
cofitent of'biogeénic carbon and luluc carbon is less than 5%, so it is possible to omit their
declaration. In this study, it has been assumed that, for cements and concretes, the total climate
¢hange value is equal to the fossil carbon.

Acidification in EN 15804:2012+A1 was based on the CML-IA non-baseline method
[27], which includes only emission but not dispersion, and the characterisation factor was

expressed in kg SO2eq. The new version of the standard has changed to the Cumulative Excess



model [29,30], whose unit is the mole H*. The conversion factors were obtained directly from
the calculation of the reference fluxes in the two methods indicated.

EPDs for cement and admixtures use the eutrophication model of the CML-IA baseline
method [27] and the characterization factor units are kg (PO4)3. In the new standard,
eutrophication is divided into three impact categories, one for each medium. Terrestrial
eutrophication adopts the Cumulative Excess model [29,30] and the unit is mol Neg.-"Marine
water eutrophication adopts the RECIPE 2008 model [31] and the unit is kgeNeq. Ereshwater
eutrophication also adopts the RECIPE 2008; however, the unit in SimaPro withtmethod EN
15804:2012+A2 is kg Peq, while the unit in the standard EN 15804:2012+AdsWas kg POseq. The
conversion factor 3.0665 kg POuseq/kg Peq has been applied.

For the breakdown of the eutrophication from model CME-1A to models stated in the
new standard the contribution of the inventorySpecifically phosphates and nitrogen oxides, was
analyzed. Phosphates emitted into freshwater contribute more than 99.8% to freshwater
eutrophication. Nitrogen oxides contribute over 93-94% to marine eutrophication and to
terrestrial eutrophication, respéctively.

Water scarcity was noet a‘¢empulsory impact category in the standard EN
15804:2012+A1. In the ILCD 2011 method [26], water depletion is characterized according to
the mass of waterused adjusted for scarcity [32]. In the method EF [25], the AWARE model is
applied [38]yWhich assesses impact in terms of restricted or deprived water quantity. The EPDs
oficements and cement admixtures considered do not include this impact category. However, all
these EPDs provide the value of the parameter ‘Net use of freshwater resources’, which enables
completion of the impact value using as characterization factors of the AWARE model 77.7

m3/m? for water consumption in Spain and 0.007 m? of private water per 1 - of road transport.



2.3 Description of the materials assessed

1505 different combinations of ready-mix concrete were assessed, according to the parameters in
the construction database: compressive strength (in N/mm?), consistency, maximum aggregate
size (in mm), environment and exposure. Table 1 shows the number of combinations analyzed
for each kind of cement.

Parameters defining the dosage of concrete are relevant when calculating the isfipact produged by

different ready-mix concrete. The values considered in each case are detailethbelow:

2.3.1 Water/cement ratio

The Royal Decree 1247/2008 [34], hereinafter EHE-08, establishes thesrecommended minimum
strengths based on durability requirements. Additionally, italso establishes the maximum
water/cement ratio based on the exposure classfas well as the minimum cement content. These

data have been taken as a reference for thégalculation of the dosage of concrete mixes.

2.3.2  Quantity of water (I/m?)

The quantity of water dire€tly influences the concrete consistency, even though the maximum
aggregate size must be als@ considered. On the other hand, in order to achieve the right
consistency for each case, the use of additives such as plasticizers, superplasticizers and/or air-
entraining.agents. is very common. It should be considered that incorporating this kind of
praducts the amiount of water required is significantly reduced without changing the content of
cementwdi this sense, it could be stated that innumerable possibilities of dosing concrete exist
When considering additives.

In this study, a simplification of the multiple possibilities has been carried out by
systematizing the dosage. According to data from the National Association of Manufacturers of

Concrete and Mortar Additives of Spain (ANFAH) [35], plasticizers allow a reduction in water



content of 8-10%, while with superplasticizers the reduction is even greater, between 12 and
20%. For their part, aerating agents also improve workability, so that when both additives are
used, this reduction is even greater, without losing strength. The quantities of water used to
calculate the environmental impacts are shown in Table 2.

Additionally, Figure 2b summarizes graphically the water content in the 1505 analyzed
mixes. The IVE construction database coding system has been adopted. As showprififable1,
each kind of concrete has an associated ‘PBPC’ code followed by a numbergThis\number is

followed by 4 letters that refer in this order to:

(1) concrete strength (varying from low to high),
(2) maximum aggregate size (a=40mm, b=20mm and c=12mm),
(3) consistency (a=plastic, b=soft, c=fluid and d=liquid).and

(4) exposure (a=s/,b=Qa, c=Qb,d=Qce=H,f=F g=E).

2.3.3 Quantity of cement

Knowing the required quantity of water, the quantity of cement is directly obtained by applying

the water/cement ratio€in Figure 2a, the cement content of the concretes analyzed is shown.

2.3.4 Concreteweight (kg/m?®)

Accordingt'data from EHE-08 [34], the average density of mass concrete is 2300 kg/m?®.
However, this value may vary considerably depending on the maximum size of the aggregate

used or In the case of using air-entraining admixtures.

2.3.5 Aggregates content

Based on the available data, the amount of aggregate is deducted from the total weight of the mix

subtracting the amounts of water, cement, and admixtures. The graphical summary of the



aggregates content in the mixtures analyzed is shown in Figure 2c.

2.3.6  Admixtures dosage

Regarding the admixtures added to the mixing water, it was considered relevant to use the most
common ones for resistances of 30 N/mm? and higher. The most common ones are plasticizexs
and superplasticizers, depending on the consistency to be achieved. Additionally, air-entraining
admixtures were considered in the case of Qa, Qb, Qc, H or F exposures. The dosage considered
for fluidizing admixtures as a percentage of the weight of cement was: 0.5% forplastic
consistency, 0.9% for soft consistency, 1.3% for fluid consistency'and 1.8% fer liquid
consistency. The dosage considered for air-entraining admixtures as apercentage of the weight
of cement was: 0.2% for Qa exposure, 0.5% for Qb exposure, 0:9% for Qc exposure and 0.5%
for H and F exposure. Figure 3 summarizes graphically theadmixtures content in the 1505 mixes

analyzed.

2.4 Functional unit

As the results of this study.were@€xpeéted to be integrated into the IVE construction database, the
same functional unit usehby the database was adopted. The declared unit is 1 m® of each ready-

mix concrete gdmbination.

2.5 ldmitations and methodological considerations

The possible mixtures for the manufacture of ready-mix concrete are practically infinite if all the
parameters able to be combined are considered: cement, water, aggregates, and types of
admixtures. In order to simplify the calculation and turn it feasible, the dosage has been
systematized according to section 2.3.

Energy consumption in the concrete factory was considered the same for all concretes

and the cement is assumed to be of national origin. Differences in impacts by aggregate particle
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size were not considered. In the case of admixtures, there was a lack of EPDs of Spanish
products and environmental impacts from EPDs by the European Federation of Concrete

Admixtures Associations Ltd. (EFCA) were obtained.

3. Life Cycle Inventory Analysis

3.1 Data sources

Data and materials used in this study are derived from several sources. Secondary-data#s well as
EPDs data were used to collect material and energy flows (module 1) and-input processes
(modules 2 and 3). Table 3 describes qualitatively the data sourcesto/callect the life cycle

inventory for the subsequent life cycle impact assessment, (CCA).

3.2 Electricity model in Spain

The environmental impacts caused by energy consumption in the ready-mix concrete
manufacturing process were calculated using the’'Spanish electricity mix as a reference [36]. For
the preparation of the Spanish’electricityymix for 2019, primary energy and generated energy
data from the Eurostat database [37], the pass-through coefficients for Europe provided by JEC
WTT [38] and the Ecoinvent, 3.6 database have been combined. Finally, the composition for 1
kWh generated byithe Spanish mix in 2019 considered in the calculation is shown in Figure 4.
Thesstandard EN 15804:2012+A2:2020 requires the use of renewable and non-renewable
primary energy, as well as renewable and non-renewable secondary fuels, to be defined within
the parameters describing resource use. To this aim, a distinction has been made between two
Kinds of energy (see Table 4), non-waste or conventional energy and waste-to-energy. Energies
grouped under the waste-to-energy category are blast furnace gas, biogas, and municipal waste.

All quantities generated have been obtained from Eurostat [28].

11



Regarding energy transmission and distribution losses, data for 2019 have been obtained
from the Electricity Indicator Bulletins provided by the National Commission for Markets and
Competition [39]. For the calculation, electricity flows have been modeled with SimaPro

software considering a loss of 1.9% in high voltage lines and 7.1% in medium voltage lines.

3.3 Cements inventory

Environmental data for cements were obtained from the EPDs generated by the'Spanish Institute
of Cement and its Applications (Instituto Espafol del Cemento y sus Aplicaciones - IECA) [40].
The global warming data and total primary energy (sum of primary energy and secondary
energy) from the IECA EPDs [40] have been compared with the yvalués from the most relevant
sources in the literature for Spain, Table 5. On the one hand, the'ggmplete inventory of cement
production in Spain with data from 2010 is avaidable [41,42] and, on the other hand, the data
reported for Spain in the GNR CO2 projeet with data from 2018 are also available [43]. For
these two studies the values refer to the average.cement production and the same step factors
have been applied to obtain thesprimary.energy: 2.58 for electrical energy and 1.26 for thermal
energy.

In both studies the‘thermal energy per ton of clinker is similar (3536-3600 MJ) and the
percentage of/Clinker to cement is the same, 0.8, but there is an increase in electrical energy from
113 to 158 k\Wh/ton cement. The total energy values of the EPDs are higher for CEM | and CEM
I1 ements andiower for CEM I1l. These variations are probably due to the different proportion
of clinker'in cement, but also to other energy consumptions not considered such as internal
transports, raw material transports, differences in pitch factors, etc. The values provided by the

EPDs have been considered valid to adapt the impacts according to EN 15804:2012+A2.

3.4 Transport of raw materials

In the transportation of raw materials for the manufacture of concrete, the environmental impacts

12



corresponding to the cement and admixtures transport are included in the values of the impacts
obtained from the EPDs of these products. For the specific transport of aggregates,
environmental impact data were obtained per t-km from the Ecoinvent 3.6 database using
SimaPro 9.1.1. For this calculation, the data of average distances from the provider to the
concrete manufacturer’s plant were obtained from the ANDECE's environmental self-
declarations for precast concrete products [44]: 32.6 km for aggregates, 134.5 kmsforgements

and 304.8 km for steels.

3.5 Concrete manufacturing

A literature review was carried out to elaborate the inventory of the concrete manufacturing
stage and the results are summarized in Table 6.

The quality of Athena’s inventory [45] stands out bécause of its timing and
representativeness of production, even thaugh it refers to a different country. Values for
electricity and diesel in Spain are availablesfrom, ANDECE through its EPDs for precast concrete
[44]. Despite the fact that the manufacturing process is somewhat different from that of ready-
mix concrete, consumptiemis between that of the USA and Canada [46]. In turn, the inventory
available from Ecoinvent{4/] is an earlier version of the Canadian inventory. Other authors also
considered theé Athena [48] and Ecoinvent [5] inventories. In summary, the inventory for the A3
stage was modeled on the basis of the Ecoinvent inventory uploaded with the Athena values [45]

and adapted toethe Spanish electricity, see Table 7.

4. Environmental impacts assessment RESULTS

Considering all the concrete mixes analyzed, Figure 5 shows a summary of the environmental
impacts of concrete production by materials and by modules A1, A2 and A3. With the exception
of the potential depletion of abiotic mineral resources, it can be stated that cement is generally
the material with the greatest overall impact on the environment. During the production of raw

13



materials (module Al), the impact of the cement is higher than 70% except in two cases. First,
the GWP, for which the impact of the additives is even greater than the impact of the arid and the
cement impact is less than 60%; and second, the ADP minerals and metals, for which the impact
of the arid is logically higher than 90%. For this module, ‘others’ includes the use of water and
additives.

Module A2 refers to the transport of raw materials. In that case, cement has'the, highest
impact in all categories, while the impact caused by additives and water is negligible. In'module
A3, manufacturing, cement causes the greatest impact, although the manufacturing process at the
plant (included in ‘others’) also has a very significant impact in some categaries.

Figure 6 shows the results for the total Global Warring Potential (GWP) (stages A1-A3)
for all calculated concrete mixtures and, as can be seen, the.impact can be doubled depending on
the type of cement and the dosage of the mix. Fhe order in the graph goes from left to right by
cement type, and within this, from lower t@,higherby concrete strength. The differences in
impact among the various cement typesiare clearly reflected in the concrete mix impact results.
In fact, the impact of concretefmixturesiwith cement type CEM 1 is the highest, followed by
those with cement type £EM I1, then those with cement type CEM 1V, and the lowest impact is
produced by those manufaciured with cement type CEM II1.

Within each type of cement, a fairly similar pattern appears, shown in more detail in
Figure 7 fartWoicement types. For each value of concrete strength, it can be noted that the
growing pattern is repeated. This is a consequence of the fact that the smaller the diameter of the
aggregate, the higher the amount of water and cement in the mix, and therefore also the impact.
Similarly, the more fluid the mix, the amount of water, cement, and plasticizers admixtures in the
mix increases, and so does the impact. This trend is clearly identifiable in the concrete mixtures
made with cement type CEM I and for a strength of 20 and 25 N/mm?, where no aggressive

exposure to concrete is considered.
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For concretes with strength values from 30 N/mm? and above, within each consistency
type (P, S, F or L), the mixtures vary according to exposure class from left to right: no exposure
(s/), weak attack (Qa), medium attack (Qb), strong attack (Qc), ice without fluxing salts (H), ice
with fluxing salts (F) and erosion (E). The strong chemical attack exposure (Qc) is only
applicable to concrete with a strength of 35 N/mm? and above. Additionally, the consistency type
Liquid is not applicable when the maximum aggregate diameter used is 40mm.

In mixtures with cement type CEM I and strength 30 N/mm?, the s/ and Fexpostures
cause less impact than the others do. This is because they have a higher water/cement ratio, i.e.,
less cement in the mixture, and less additives. This does not occuk. in the caseof type CEM llla
and resistance 30 N/mm cements since the water/cement ratio does notwary. From 35 N/mm? of
resistance, the strong exposure class (Qc) is also considered, which stands out from the others for
its greater impact, due to a lower water/cementdratio and a greater need for additives.

The results for other impact categdties suchyas ozone depletion, acidification, terrestrial,
marine water and freshwater eutrophication, photochemical ozone creation and water depletion
potential follow a similar pattérn with the exception of the Abiotic resource Depletion Potential
for non-fossil resourcesgwiiich reésults are summarized in Figure 8. In this category, the impact
variation caused by the different concrete mixtures is not so remarkable, with the lowest value
being 1.18-107 angl the highest 1.27-103. The environmental impact caused by plasticizer
additives‘isithé most relevant, while differences in impact among cement types are less
noticeable: In Tact, a higher impact in concrete mixtures made with cement type CEM lllc can be
seen, due to the higher amount of admixtures present in these concretes.

In addition, in this category, within each type of cement a fairly similar pattern can be
observed. Two types of these cements are displayed in more detail in Figure 9. The results show
a greater impact for mixtures with larger diameter aggregates. In addition, the amount of

admixtures and concrete in the mixtures also influences the increase in impact.
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The range of the impact values is stated in Table 8, which shows the results of the basic
environmental impact parameters (excluding those specific to the potential impact on fossil,
biogenic and land use climate change), for ready-mixed concrete with maximum and minimum

GWP values, grouped by cement type.

5. Parametric analysis

A deeper significance of the concrete parameters on the environmental impacts Was analyzed
with multiple linear regression models. Linear regression analysis, i.e.,/& statistical technique
used to study the relationship between variables, can be used to exXplore and guantify the
relationship between a variable called dependent (Y) and on€ or morewariables called
independent (X). The statistical analysis was performed using SRSS v27 software.

Several of the concrete parameters, as they appear ifithe IVE database, are qualitative or
categorical variables. This is the case for the envitenment-cement, specific exposure, and
consistency variables. It is not possible to"assigh, values to the levels of a categorical (or
qualitative) variable. This doesset imply that variables of this type cannot be used, however
some transformations to detect the different levels contained in the qualitative variables are
required. This solution is p@ssible if the primitive categorical variable is transformed into
dummy variables,

A dummy variable is a binary, nominal, dichotomous, categorical variable that can only
take the values™0 or 1, indicating the absence/presence of the measured attribute. Here, the letter
‘D’ atthe'beginning of the variable name identifies dummy variables. Each categorical variable
must be transformed through dummy variables, as many as possible alternatives minus one unit.
The categorical variable consistency is therefore transformed in three dummy variables DSOFT,
DFLUID and DLIQUID, represented by the triads: 1,0,0; 0,1,0 and 0,0,1 respectively, and plastic

consistency is represented by the triad 0,0,0. The categorical variable environment-cement is
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transformed in other three dummy variables DCEM1, DCEM2 and DCEM3 without considering
differences for the subcategories a, b or c. The categorical variable exposure with 7 levels
presented more complexity. A univariate analysis of variance for exposure and the dependent
variable GWP was performed. Figure 10a) shows how the exposure variable is grouped in three
levels (observed-predicted, predicted-Std. residual and observed-Std. residual). Therefore, the
seven initial categories were grouped in three levels and two dummy variables weré ereated
based on the results shown in Figure 10b): QHSEX grouping exposures H and sfand QeEX for
the exposure Qc. The rest of exposures (Qa, Qb, F, E) are represented by the. dummy’s duo 0,0.

Independence of the dependent variables and linearity between dependent variables and
independent ones were assessed for all possible combinations. Initiallyythe strength and
direction of association between two ranked variables was'measured with the non-parametric
Spearman’s rank-order correlation. Considering'GWP as independent variable, all the
correlations with the dependent variables Were sighificant at the 0.05 level, except for resistance
and the dummy variable DSOFT. Howeyver, the other dummy variables transforming consistency
were significantly correlated, JResistance,also presented significant correlations with the dummy
variables DCEM1, DCEM3,DSHEXP and DQCEXP. The potential linearity of resistance with
the independent variable was investigated with partial correlations, controlling the effect of the
rest of dependentariables. This partial correlation was statistically significant at 0.001.
Thereforemnevariable was discarded in this first assessment, previous to the multiple linear
regression.

The multiple linear regression model is defined by the following equation:

Y= Bo+ B1Xy+ BoXo + - + [ X+ ¢ (1)

According to this model, the dependent variable () is interpreted as a linear combination

of a set of K independent variables (Xx), each of them being accompanied by a coefficient (Pk)
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indicating the relative weight of that variable in the equation. The equation also features a
constant (o) and a random component (the residuals, €) gathering what the independent
variables are not able to explain. The minimum-quadratic regression equation is constructed by
estimating the values of the 3 coefficients of the regression model. These estimates are obtained

by minimizing the squared differences between the observed (Y) and predicted (¥) values:

Y = By+ BXy + B,X, + - + B X, 2)

where Bk are the unstandardized coefficients.

The independent variables are selected with a stepwise méthod. In stepwise regression,
only those variables that contribute significantly to the model fitare ingorporated into the
regression model. The individual contribution of a variable to thewnodel fit is established by
contrasting, from the partial correlation coefficiént, the hypaothesis of independence between that
variable and the dependent variable. Specifically, the significance criterion is the probability of
the F statistic. A variable becomes partef thewegression model if the critical level associated
with its partial correlation cogfficient, When testing the hypothesis of independence, is less than
0.05 (entry probability).#And it remains outside the regression model if this critical level is
greater than 0.10 (exit probability). Once the significance criterion has been passed, a variable
only becomes parbof the model if its tolerance level is greater than the established level (0.01).

The multiple linear regressions obtained for each impact category are found in

Table 9. The first rows (of each impact category) contain the unstandardized coefficient
of equation (2). They are interesting to predict the environmental impacts of every ready-mix
concrete. The second rows contain the standardized coefficient of equation (1). They are
interesting to analyze the relative importance of each parameter in each impact category. All
variables are significant at 0.001 and the adjusted R? is very high (0.85-0.95), except for the

impact category of abiotic depletion (0.52). An explanation for the relative low adjustment of
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this impact category is the transformation of the categorical variable exposition focused on the
pattern of global warming. Note GWP and ADP have different pattern as shown in Figure 6 and
Figure 8, respectively.

Figure 11 highlights the relative importance of the categorical variables in the dependent
variable as a function of the independent (and numerical) variable arid size, when assuming a
constant compression strength of 35 N/mm?. This figure is obtained with the coeffi€ients B,from

Table 9 for the GWP. For each line of the figure, only one dummy variable is activated
(value 1) and the rest are null (value 0). For this impact category, cements 1.and 2clearly
produce the highest impacts, followed by consistency and exposition. /At thessame time, the
selection of the type of cement (continuous line) is responsible for the'highest variabilities. On
the opposite side, the variability in consistency (dashed lings) produces the lowest variabilities.

This model is based on a series of assuniptions: linearity, independence, normality,
homoscedasticity and non-collinearity. Lifiearity and non-collinearity were assessed previously
with the bivariate correlations and the partialeorrelations. In addition, new regression models
were tested controlling the efféct of thewariable resistance and the dummy variables relative to
cement and exposition. 4fi alh.cases, the adjustment, the statistic F, and the normality of the
residues worsen. The statistics tolerance, that indicates the percent of variance in the predictor
that cannot b& acceunted for by the other predictors, was always higher than 0.1 (specifically, the
lowest valued§ 044 for the variable DCEM3). Moreover, the condition index is always lower
than 30. It'ean be concluded that the non-collinearity is satisfied.

The remaining assumptions independence, homoscedasticity, and normality, are closely
associated with the behavior of the residuals. The variables are timeless, but there could be other
causes of correlation of the residuals. Figure 12 shows the plot of the standardized residues
against each of the original predictor variables. The categorical variables are not transformed and

boxplots are used. The residuals are randomly scattered without showing any systematic
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patterns, although some small deviations from zero are observed for the median of the
standardized residuals affecting to the dummy variables DCEM1, DCEM3 and DQSHEXP.

The top and middle graphs in Figure 13 show the histograms and the graphics P-P normal
for the impact categories GWP and ADP. The P-P plot compares the observed cumulative
distribution function of the standardized residual to the expected normal distribution. Comparing
the normal curve with the empirical distribution in the histogram and evaluating th€"@deviation of
the points represented in the second graph with respect to the diagonal, it can be'eoncluded that
there are no large deviations from the normal curve. The bottom graph(of Figure 23 shows that
the trend is centered around zero but also that the variance remaifis around zefo. It can be stated

that the linearity and the heteroscedasticity assumptions aré satisfied.

6. Discussion

LCA methodology has been widely used t@,assess the environmental impact of concrete
mixtures [4,6,8-10,19,49,50] ; however, thiss the first study that analyzes more than 1500
ready-mixed concrete combinations, ingluding 7 different types of cement and obtaining a large
number of detailed and parameterized results. This differs substantially from other studies
conducted so far, which have generally focused on specific impact categories, on comparisons
between congfetes with recycled content, or on a very small number of concrete combinations
and cement types. For example, in recent years, several studies have focused on comparing
environmental®impacts of concrete with natural and recycled or ecological aggregates [5—
9,411,219}« These types of comparisons are not the subject of this study since this differentiation is
net contemplated in the IVE construction database. However, it should be noted that the
inventory data of the cement EPDs from which the data have been obtained are 100%
representative of Spanish cement production. This includes, therefore, a certain proportion of

blast furnace slag, silica fume, natural pozzolans, fly ash and limestone in the composition of
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cements [40,41]. In contrast to U.S. cement products, about 70% of cements consumed in Europe
are blended cements (cement with fly ash, slag or natural pozzolans) [1].

The problem of not considering the environmental impacts of additives in the studies has
been denounced in the literature [1]. Previously, the environmental impact of these components
had been considered irrelevant because of their low presence in the mixture [12]. Although the
results of our study do not associate additives with a total impact of great relevane€,“iwas
shown that their impact is significant in the phase of production of raw materials (module Al)
for the global warming potential category.

Studies comparing ready-mixed concretes with different types of.cement in4keir composition are
rarely found in the literature [5,51,52]; however, this study4ncludes significant results for 7
different types of cement depending on the aggressiyenessef the'€nvironment in which it will be
used (see Table 1). Overall, the results showed@ greater impact for concrete mixes with cement
type CEM |, followed by CEM I1, and lesSer impact for concretes with cement types CEM I
and CEM IV (Figure 11). This outcomeys partiyprelated to the amount of clinker used in each
type of cement; however, we gannot consider this to be the only influencing factor, since the
amount of clinker used 41 CEM fhand CEM 1V is similar whereas the difference in impact
values is significant. The ERDs provided by the Spanish Cement Institute for each type of
cement do not break down the impact of clinker and the other components of each cement, thus
the impacts:of‘clinker would have been studied, but they do indicate that the average energy
consumption 1s 3.56 MJ/kg clinker, considering conventional and alternative fuels. This value is
consistent with the values provided for Spain in the GRN Project Reporting CO [43], which also
differentiates by type of kiln. The thermal energy consumption in 2018 was 3.56 and 3.66 MJ/kg
clinker in kiln with preheater and precalciner and in kiln with preheater and without precalciner,

with a production split of 56.8% and 43.2%, respectively. From this comparison, it can be
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deduced that the energy difference for clinker production between the two types of kilns is less

than 3%.

Environmental impacts in this study are in the same range that literature values, although the
large variability of the impacts for the same compressive strength should be noted. For example,
Figure 14 shows global warming potential impacts of ready-mixed concrete in a selection ofithe
literature [5,13,22,45,46,53] and this study for different strengths. In the compafison aréiincluded
different cements (CEMI , CEM II) [5], fly ash [13,45,46,53], recycled materials [5;&3] and
carbonation during use phase [53]. The 1505 ready-mixed concrete.combinations of this study
are represented with a box and whisker plot and the literaturearaluesiwithathick line from
minimum to maximum GWHP. In this study, the median impacts do net increase as the
compressive stress increases, as most of the studies inthe literature claim [13,22,49,53]. The
inclusion of different types of cements and admixtures, as explained above, are the reason for the
impacts not being linearly related to strengthf5,52].

The detail of the results offered in‘this study, considering all the variables involved in the
definition of the concrete mixjis.ansimpaortant contribution for future research, because it will
allow to consider the influence of parameters such as strength, consistency, maximum aggregate
size, water/cement ratigfOr exposure. Despite the interest in the literature to evaluate the use of
recycled aggregates-and the substitution of cement components, some studies are also found
hightighting the Amportance of concrete mix design on the environmental impact of the complete
life.gycle of concrete [52,53], taking into account not only the CO> absorption of concrete during
its useful life, but also parameters such as porosity or the thickness of the reinforcement coating.

This study shows for the first time a detailed parametric analysis of the variables
involved in concrete mix dosage. The regressions obtained for each impact category (

Table 9) allow to predict the environmental impacts of every ready-mix concrete and also

to analyze the relative importance of each parameter in each impact category.
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This research has some limitations. Some of them derive from the EPDs used. Although
it was requested, the quality of the data was not contrasted, and the same environmental impacts
were considered for the production stage of all cement types, since the EPD is the same for all of
them.

Other limitations are related to the parametric analysis. For all impact categories, the
same simplification of categorical variables is applied, defined on the previous GWPiassessment.
Further simplifications, specifically for abiotic depletion, would improve the,results, although
they would also increase complexity. In the same sense of improving résults.at the,cost of greater
complexity lays the limitation of the number of levels in the categorical variables (e.g., exposure
and cement environment).

Quantifying environmental impacts offers many adwantages [45,54], among which the

following can be highlighted:

e It explores the reduction of environmental inipacts, aiming for more efficient solutions
from an environmental pointef view.

e Improves the environmentalperformance of buildings, reducing their environmental
impacts during censtructioni and the lifespan of the building.

e Encourages thesdlemand for more environmentally friendly products and services.

e It@voids misleading with false green marketing or greenwashing about the non-existent
environmental benefits of a material or building [55].

®,Highlights and discloses the economic benefits of sustainability to stakeholders and
customers.

e It introduces environmental factors into the market, beyond functional, economic, or
esthetic criteria.

e Allows for recognition in current or future regulations in green public procurement
and/or innovative procurement [56].
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e It establishes a market reference by being ahead of current environmental legislation and
being a differentiating factor at the same time.

e Supports certified environmental product declarations, environmental product self-
declarations, carbon footprints and life cycle analysis of buildings.

e Improves competitiveness in construction sites that are certified under environmental
assessment systems such as LEED [57], BREEAM [58] o Green Globes J59], which
provide credits for the use of products with certified EPD, environm@ntal self-
declarations and life cycle assessments.

e Provides average or baseline values from which to accredit.impact réduction improve
competitiveness, recognition, and leadership throughidistinctions such as LEED (U.S.

Green Building Council, n.d.) or Architecture,2030(Architecture 2030, 2018).

7. Conclusions

This study shows for the first time a detalled"parametric analysis of the variables involved in
concrete mix dosage. The study iSibased,on the analyses of more than 1500 combinations of
concrete dosage and conpositiony(cement, water, aggregates, and admixtures) included in a
reference construction database of building materials for Valencia (Spain).

The life cyele assessment methodology was used to calculate the environmental impacts
of each materialpincluding the modules A1-A3, i.e., production of raw materials, transport and
manufacturing, and the impact categories in accordance with EN 158E04:2012+A2:2019.

Results showed a greater impact for concrete mixes with cement type CEM |, followed
By, CEM I, and lesser impact for concretes with cement types CEM |11 and CEM 1V. Behind the
impact influence of cement types CEM | and CEM Il comes first the consistency (liquid and
fluid, in this order) and then the exposure (strong attack, Qc). Simultaneously, larger aggregate

size reduces the environmental impacts.
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The regressions obtained for each impact category allow to predict the environmental

impacts of every ready-mix concrete and also to analyze the relative importance of each

parameter in each impact category.
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TABLES

Table 1. Codes, description, and number of combinations analyzed in this study, as they appear

in the IVE construction database.

IVE Code Description No. of combinations
PBPC.2S Concrete Non-aggressive environment | 240
PBPC.3S Concrete Normal environment lla 231
PBPC.4S Concrete Normal environment llb 220
PBPC.55 Concrete Marine environment llla 220
PBPC.6S Concrete Marine environment lllb 220
PBPC.75 Concrete Marine environment llic 154
PBPC.85 Concrete Chloride environment IV 220

Table 2. Amount of mixing water for concrete composition (iIf 1/m3)s

Water (in I/m3) for maximum aggregate sizes (in mm)

Concrete without Concrete with Concrete with

additives plasticizers and plasticizers and air-
superplasticizers entraining admixtures

Consistency 12 20 40 12 20 40 12 20 40
Plastic 200 185 160 184 170 149 176 163 142
Soft 215 200 175 194 180 159 189 176 156
Fluid 225 205 180 198 182 162 193 178 158
Liquid 230 210 185 196 181 161 191 176 157

Table 3. Datasources for raw materials (Al) and transport (A2).

Supply of raw materials (A1)

Material Source of data for LCI  Geographical area Year Quality of data assessment

Technology: Very good.
Currency: Good. Valid until 17/09/2021.

Instituto Espariol del .
Geographical area: Very good.

Cements (tn) Cemento y sus Spain 2020

L Full: Medium. Several impact categories were
Aplicaciones (IECA)

adapted to EN 15804:2012+A2:2019.
Reliability: Very Good.

. Belgium, France, Technology: Very good.
European Federation ; . .
. Spain, Germany, Currency: Very good. Valid until 13/09/2020.
Additives (kg) of Concrete 2015 .
Admixt Italy, Netherlands, Geographical area: Good.
mixtures
Norway, Sweden, Full: Medium. Several impact categories were
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Supply of raw materials (A1)

Material Source of data for LCI

Geographical area Year

Quality of data assessment

Associations, Ltd
(EFCA)

Switzerland,

Turkey and UK

adapted to EN 15804:2012+A2:2019.
Reliability: Good. Inventory data has been obtained
directly from manufacturers for a specific product.

Ecoinvent process:
‘Gravel, round gravel
Aggregates (kg) and sand quarry
operation | Cut-off, U’
Ecoinvent 3.6

Switzerland,
adaptation to
Spain.

2019

Technology: Very good. Sand (35%) and gravel (65%)
production.

Currency: Very good.

Geographical area: Medium. Similar conditions:

Full: Very good.

Reliability: Very Good. Data verified by Ecoinvent,

Ecoinvent process:
‘Tap water production,
Water (kg) conventional
treatment | Cut-off, U’
Ecoinvent 3.6

Europe without

Switzerland

2019

Technology: Very good.

Currency: Very good.

Geographical area: Géod.

Full: Very good.

Reliability: VeryiGood. Data verified by Ecoinvent.

Transport (A2)

Process Source of data for LCI Geographical area Year Quality of data assessment
Ecoinvent process: Technology: Good.

Aggregates ‘Transport, freight, Cutrency: Very good.

transportation  lorry 16-32 metric ton, Europe 2019 Geographical area: Good.

(t-km) EURO4 RER’ Full: Very Good.

Ecoinvent 3.6

Reliability: Very Good. Data verified by Ecoinvent.

Table 4. Primary energysixin Spain, 2019. Amounts for 1 MJ generation.

M) %
Total 2.374 100.0
Non-renewablé, fossil 1.018 42.9
Non-renewable, nuclear 0.799 33.7
Non-renewablé, Biomass 0.000 0.0
Renewabhle, biomass 0.100 4.2
Renewable, wind, solar, geothermal 0.349 14.7
Renewablé, water 0.107 4.5
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Table 5. Comparison of global warming and total primary energy for cement production in

Spain.

IECA IECAEPD IECA EPD [41,42] [43]

EPD
Unit CEM | CEM II CEM Il Medium Medium
Global warming kg COz eqft 884 752 417 799 677
Total Primary Energy MJ/t 7224 6173 3891 4595 5352
Thermal Energy MJ/t clinker 3560 3560 3560 3536 3600
Electrical Energy kWh/t ND ND ND 113 158
Seasonality 2014 2014 2014 2010 2018
Annual Production (ton) 2.28107 1.59 107

Table 6. Inventories for the concrete manufacturing process (A3). Raw materials and transport

are not included.

u [45] [46] il [44] [47]
Electricity kWh 421 8.87 0.71 6.34 4.114
Natural gas m3 0.44 1.99 0.19134
Fuel oil | 0.0378 0414
Diesel | 1.59 1.539 2.60 0.4232
Petrol | 0.034
Liquid propane | 0.0378 0.023
Other fuels | 0.001
Water emitted | 114 88.36 40
Hazardous waste kg 0.014 0.89
Non-hazardous waste kg 412 11.07 24.5
Location USA Canada Spain Canada
Timing 2019 2015 2016 2014
Annual Production 23257054 8713846 35% Spain 4700000
(m3)
Number of plants 489 191

Others

Precast tiles

Table 7. A3 stage inventory. Manufacturing of ready-mix concrete.

Flow Quantity Unit Source
Inputs

Concrete mixing factory {GLO}| market for | Cut-off, U 4.57E-07 p Ecoinvent
Lubricating oil {RoW}| market for lubricating oil | Cut-off, U 0.0119 kg Ecoinvent
Steel, low-alloyed, hot rolled {GLO}| market for | Cut-off, U 0.0238 kg Ecoinvent
Synthetic rubber {GLO}| market for | Cut-off, U 0.00713 kg Ecoinvent
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Flow Quantity Unit Source

Diesel, burned in building machine {GLO}| market for | Cut-off, U 58.76 M) Athena. Includes
combustion emissions

Electricity, medium voltage, production ES, at grid/ES U IVE 4.21 kWh  Athena. Electricity
modeled for Spain

Heat, district or industrial, natural gas {RER}| market group for | 24.44 MJ Athena. Includes

Cut-off, U combustion emissions

Tap water {Europe without Switzerland}| tap water production, 114 kg Athena

conventional treatment | Cut-off, U

Air emissions

Water/m? 0.0171 m3  Athena, 15% of water
emissions

Air emissions

Chlorides, unspecified 3.09E-09 kg Ecoinvent

Copper 1.55E-08 kg Ecoinvent

Iron 1.55E-08 | kg _gmEcoifvent

Oils, unspecified 2.32E07, kg Ecoinvent

Suspended solids, unspecified 4.648:07/ mkg Ecoinvent

Waste

Waste concrete {RoW}| market for waste concrete | Cut-off, U 412 kg Athena

Wastewater from concrete production {RoW}| market for 0.0969 m3 Athena. 85% of water

wastewater from concrete production | Cut-off, U emissions

Waste cement, hydrated {RoW}| treatment of, residual material 0.014 kg Athena

landfill | Cut-off, U

Table 8. Results of the“hasic enviranmental impact parameters for ready-mixed concrete with

maximum and minimum GWP values. Values per m® of concrete.

TOTAL (Al - A3)

N° [IVE GWP ODP AP EP-f EP-m EP-t POCP ADP ADP - WDP
codé kg CO.eq kgCFC1l: molH'eq kgPOs kgNegq mol Neq kg kg Sb eq MJ m3 global
eq eq NMVOC eq
eq
PBPC.2 : ;
Structural concrete, non-aggressive environment CEM |
160 [ dcdd  4.94.102 4.90-10° 1.48 157-101 3.50-10! 3.85 2.24 1.24-10% 3.81-10% 7.21.10°
237 | ecdd
110 gaaa 2.53.102 2.75-10% 8.31-10! 8.00-102 2.05-10% 225  1.19 1.22:10% 1.98-10° 3.76-103
ada
PBPC.3 .
Structural concrete, normal environment CEM lla
22; gcgf; 4.28-102 4.29-10° 1.32 1.33-101 3.32.101 3.65 2.10 1.24.10° 3.39-10% 7.17-108
C
a1 | agaa 239107 26310 803-10" 7.39-102 2.08:107 229 121 1.23-10° 1.90-10% 4.08-103

35



Structural concrete, normal environment CEM Ilb

4.28-10?

4.29-10°

1.32 1.33-101 3.32-10% 3.65 2.10 1.24-10° 3.39-10°

7.17-103

2.63-10?

2.84-10°

8.68:101 8.12-102 2.24-10 2.47 1.32 1.25-10° 2.09-10°

4.46-10%

Structural concrete, marine environment CEM llla

2.61-10?

2.73-10°

9.38-101 8.42-102 2.49-10% 274 162 1.24.10° 2.38-10°

7.16-103

1.69-102

1.98-10°

6.64-101 5.46-102 1.81-10 1.99 1.08 1.26-10° [1.54-10°

4.70-103

Structural concrete, marine environment CEMshilb

2.61-10?

2.73-10°

9.38:10% 8.42:102 2.49-10% 2.74 162 1.24-103¢" 2.38-10°

7.16-10°

1.72-10?

2.01-10°

6.73:10% 555-102 1.83-107 202 1.09 1:26-10° 1.56-10°

4.79-10°

Structural concrete; marine environment CEM lllc

2.61-10?

2.73-10°

9.38:10% 8.42-102 '249-10% 274 162 1.24.10° 2.38-10°

7.16-103

1.85-102

2.14-10°%

7.15-10 @95:99:.10%), 1.93-101 2.13 1.17 1.27-10% 1.66-10°

5.19-103

Structurabconcrete, chloride environment CEM 1V

ccdd

3.45-10?

3.52410:°

192 1.10-101 2.84-10! 3.12 1.83 1.24.10° 2.89-10°

7.33-10°

aaaa
aaag
baaa
baag
caaa
caag

2.23-10?

2.47-10°

1.86-10*

7.81-101 7.07-10% 2.02-10! 2.22 121 1.25-10°%
3

4.79-10%3
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Table 9. Unstandardized B coefficients and standardized B coefficients of the regressions for 1

m?3 of ready-mix concrete in each one of the impact categories assessed. Parameters included:

type of cement, consistency, exposition, arid size and resistance.

B DCEM1 DCEM2 DCEM3 DSOFT DFLUID DLIQ DSHEX DQcEX (:r':) (|\T/er:l::2) Adj R?

GWP B 2624  105.9 63.4 -58.8 20.0 31.6 42.6 4194 232 -1.8 1.0 0.952
B 0.536 0.401 -0.398  0.123 0.195 0227 -0.124 0.097 -0.275 0.056

ODP B 783105 9.810° 59310° -53910¢ 1.6710° 2.5010° 3.1610" -1.8110° 2.07 10 -1.67107 844102 0951
B 0.543 0.409 -0.397  0.112 0.168 0.183  -0.126 0.095 -0.282 0.054

AP B 0931 0254 0.150 -0.120  0.055 0.085 0.112 -0.053 0.066 -0.005 0.003 0.938
B 0.543 0.400 -0.344  0.144 0.222 0.253 -0.145 0.117 -0.328 0.066

EP-f B (0096  0.034 0.018 -0.017  0.006 0.010 0.013  -0.006 0.007 -556110%),.3.02(10¢ 0.949
B 0.564 0.366 -0.388  0.126 0.197 0226 -0.129 0£098 -0.287 0.059

EP-m B 0330  0.046 0.037 -0.021  0.014 0.022 0.030 -0.012 00857 -0001 62410% 0.927
B 0.471 0.476 -0.280 0.173 0.274 0321 -0459 0.126 -01366 0.075

EP-t B 2529 0504 0.407 -0.224  0.152 0.241 0.328 #-0.1344 0.162% -0.013 0.007  0.926
B 0.471 0.477 -0.280 0.173 0.275 0322 0459 D126 -0.364 0.075

POCP B 1426 0275 0.207 -0.116  0.097 0.152 0.200 1-0.089 4 0.128  -0.009 0.004  0.908
B 0.439 0.415 -0.249  0.190 0.295 033 -0.480 0170 -0.440 0.083

ADP B 11910% -3.2710° -1.1210% 9.1910% 7.3510° 1.33105 2910 -5.7310° -6.3310 7.63107 4.23107 0.523
B -0.072 -0.031 0.269  0.196 0.356 0.505 -0.159 -0.115 0.513 0.108

ADP-f B 21203 6523 387.3 3340 1705 2280.8 398.0 -1434 1931  -12.9 7.6 0.938
B 0.514 0.382 0351 0.164 0.269 0330 -0.143 0.126 -0.311 0.070

WDP B 74118 -232.9 -146.0 111.4 4m359.3 536.1 671.4  -293.6 4249  -349 15.2  0.845
B -0.138 -0.108 0.088  0:259 0.387 0.419 -0221 0209 -0.635 0.105
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a) Plasticizers additives content (kg/m?3)
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Figure 8. Abiotic resource Depletion Potential (kg Sb eq) for all calculated concrete mixes

(stages A1-A3).
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b) CEM llla - ADP - minerals&metals (kg Sb eq)
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Figure 9. Abiotic resource Depletion

ixes with CEM llla (marine environment).

rete

C

(non-aggressive environment); an

a)

\ »
O
(¢}
=
o -
..m (¢]
" (=
m )
@ S o
= v B
© [}
£
(=) i
B
(1]
=
T
9 w
[}
E
w
1] w
o o o o o
o o o o o
[=} =} o (=3 (=3
(34 - o (2] o«
(2] «© (2] N N
= suesj) feuibre|y pajewnsy
- & E
o oo
= ng
/ o =
3 . s i
3 &
LRy w +
W cmmmme |4 3
= 3
c . - £
o 3
— ./ e &
o 2
Q
@ o
Q oid  fenpisey
PIS

45



Figure 10. Plots of the univariate analysis of variance for the variable exposure on GWP.
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Figure 11. Relation of the dependent variab each dummy variable assuming the rest of

categorical variables are null.
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Figure 12. Plots of the standardized residuals against each of the predictor variables.
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e, ¢) Scatterplot of standardised residual and standardised predicted value.
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