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Abstract

Clinker substitution can reduce cradle-to-gate global warming potential (GWP), but does
not establish improvement in resource depletion, toxicity, or ecotoxicity. This life cycle
assessment (LCA) compares six concrete and four mortar inventory models per 1 m? at
the production gate using the Swiss Federal Office for the Environment (BAFU) inven-
tory and the CML baseline life cycle impact assessment method (CML-IA), developed
by Leiden University’s Institute of Environmental Sciences (CML). Under the original
provider mappings, AAC-3 (slag—fly ash alkali-activated concrete) had the lowest mod-
eled GWP within the concrete group at 78.2 kg CO, eq m~2, 71.9% below concrete CEM I
(278.2 kg CO, eq m~3). CEM III/C mortar had the lowest modeled GWP within the mortar
group at 101.2 kg CO, eq m~3, 76.6% below mortar CEM I (433.1 kg CO, eq m~3). These
are separate 1 m® production gate results using the original activator exchanges, a com-
mon freight exchange, and no additional curing energy; they do not establish performance
equivalence. CEM II/B-V concrete was below its reference in all eleven categories, whereas
activated models exceeded their references in seven or eight. Clinker dominated GWP in
the CEM I reference systems; natural gas was the largest positive GWP process in the acti-
vated models (7.8-12.4% of net GWP). The modeled mercury cell, sodium hydroxide and
upstream mercury supply processes accounted jointly for 32.3-72.4% of activated system
terrestrial ecotoxicity. Activator mappings and precursor allocation remain unresolved,
so these results identify the lowest outputs in the original models rather than a validated
ranking of materials.

Keywords: life cycle assessment; process contribution analysis; clinker reduction; alkali-
activated materials; environmental burden shifting; Pareto dominance; hotspot concentration;
CML-IA baseline

1. Introduction

Cementitious materials are produced at a scale that makes their environmental per-
formance consequential for construction sector decarbonization. A substantial part of the
global warming potential (GWP) of Portland cement products originates before the concrete
or mortar reaches the construction site. Carbon dioxide is released directly during carbonate
calcination and indirectly through the energy required to manufacture clinker [1-5]. Re-
ducing the mass of clinker per unit of product is consequently one of the main technological
routes for lowering production stage greenhouse gas emissions. This route includes the
use of Portland cements with supplementary main constituents, such as fly ash, ground
granulated blast furnace slag (GGBFS), and limestone [3,5-7].
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Clinker reduction does not define a single material or environmental profile. CEM
II, CEM III, and multicomponent cements can differ in clinker fraction, supplementary
constituents, processing requirements, and performance [3,6,7]. Alkali-activated materials
extend the design space further by replacing most or all Portland clinker with aluminosilicate
precursors activated by alkaline solutions [8,9]. GGBES, fly ash, and their blends are among
the most widely studied precursors, whereas sodium hydroxide, sodium silicate, potassium
hydroxide, or combinations of these chemicals may be used as activators [8-10]. Avoiding
clinker can reduce GWP, but the associated inventory can shift towards precursor processing,
activator manufacture, electricity, thermal energy, transport, and background chemical
supply chains [10-14].

Life cycle assessment (LCA) provides a consistent framework for quantifying such
shifts. Comparative studies commonly report GWP because it is policy-relevant and readily
interpretable, but the result does not represent overall environmental performance. Mid-
point indicators for resource depletion, acidification, eutrophication, toxicity, ecotoxicity,
ozone depletion, and photochemical oxidation describe different environmental mecha-
nisms and use different reference units. Lower GWP may therefore coincide with higher
results in one or more other categories [10,12-14]. Reviews of alkali-activated material
LCAs have also identified strong methodological heterogeneity in functional units, system
boundaries, geographical representation, inventory databases, allocation rules, activator
datasets, and transport assumptions [12]. Reported percentages cannot be transferred from
one model to another without accounting for these choices.

Prior mixture-level LCAs report multi-category results; some also identify major con-
tributors [15,16]. The gap addressed here is linking cross-category screening to the sign and
concentration of underlying process contributions. Without this link, burden shifting shows
where category results differ but not whether a hotspot is concentrated in one process, offset
by negative corrections, or distributed across linked supply chains. A concentrated result
directs checks to particular exchanges; a diffuse result calls for tracing connected providers.
This workflow makes apparent advantages traceable to inventory assumptions requiring
verification before material selection, while keeping positive contributions distinct from the
net category score.

The wider concrete LCA literature shows that apparently similar low-carbon mix-
tures can yield different conclusions when inventory completeness, geography, functional
equivalence, or the treatment of supplementary cementitious materials changes [17-22].
Studies of waste-containing and pozzolanic concretes similarly show that the environmental
advantage of substitution depends on the selected material, replacement level, supply chain,
and set of impact indicators [23,24]. These findings make the model structure and the basis
of comparison as important as the reported GWP percentage.

Multifunctionality is a particularly consequential source of variation. Blast furnace slag
and other industrial co-products may be represented using cut-off, allocation, substitution,
or market-responsive approaches, and these choices can materially change the burden
assigned to the binder system [21,25,26]. System boundary completeness can also matter:
hybrid and process-based assessments of cement, concrete, and geopolymer concrete do not
necessarily produce the same carbon intensities [27]. A further source of non-comparability
is the use of a purely volumetric functional unit where the mixtures differ in strength,
exposure class, durability, or service life [18,21].

Recent mixture-level studies have expanded the evidence for activated concretes and
mortars under different inventories, transport conditions, exposure contexts, and side stream
compositions [28-31]. Their results repeatedly identify activator technology and dosage as
influential, while waste-derived activators can reduce impacts associated with commercial
sodium silicate or hydroxide production [29,32-34]. Published inventories for sodium

https://doi.org/10.3390/app162110935


https://doi.org/10.3390/app162110935

Appl. Sci. 2026, 16, 10935

30f21

silicate and earlier carbon assessments of alkali-activated concrete further demonstrate that
the chemical supply chain is not a negligible or universal constant [35,36]. The present
study therefore treats provider-specific process contributions as model results requiring
explicit interpretation rather than as inherent properties of an entire binder class.

A further issue is environmental burden shifting. A GWP reduction does not establish
improvement across other indicators, and category counts do not express the magnitude
or importance of the individual changes. Pareto screening identifies a relation in which
one model has no higher impact in any selected category and a strictly lower impact in at
least one. This avoids category weighting, but the result is conditional on the inventory
and indicator set. It cannot establish technical substitutability, statistical significance or
robustness to changes in model assumptions.

The present study examines ten predefined inventory models: six concretes based
on CEM I, CEM 1I/B-V, CEM 11I/B, alkali-activated ground granulated blast furnace slag,
alkali-activated fly ash, or an activated slag—fly ash blend; and four mortars based on CEM
I, CEM III/C, CEM VI (S-LL), or alkali-activated slag. Concrete and mortar are screened
separately against their own CEM I reference, on a declared unit basis of 1 m®. The binder
designations identify modeled formulations, not verified commercial cement products.

This study addresses three research questions:

1.  How do the ten variants compare in GWP and in the direction of change across eleven
CML-IA baseline categories?

2. Which variants are Pareto-dominated within the concrete and mortar groups?

3. How concentrated or diffuse are the process-level contributions, and which named
processes form the principal hotspots in GWP and selected resource-, toxicity-, and
ecotoxicity-related categories?

The methodological contribution is an inventory audit workflow that first checks the
mass balance implied by activator solution concentrations and then links four analytical
steps: eleven-category comparison, conditional within-group Pareto screening, signed
process reconciliation, and hotspot concentration measures D;, C5, and Ng;. The mass
balance check separates dry hydroxide and silicate solids from solution water but cannot
establish the oxide composition of commercial sodium silicate. Retaining negative entries
distinguishes net category results from positive-only concentration measures. Together,
these checks trace apparent category trade-offs to inventory assumptions that require
verification before material selection. The workflow adds no LCIA factors or category
weighting; unresolved provider and recipe mappings still preclude validated comparison
of the corresponding physical mixtures.

2. Materials and Methods
2.1. Goal, Scope, and Comparative Design

The assessment followed the goal and scope, inventory, impact assessment, and in-
terpretation structure of ISO 14040 and ISO 14044 [37,38]. Its goal was to compare the
production-stage environmental profiles of conventional, low-clinker, and alkali-activated
cementitious composites and to determine how the process structure underlying those
profiles differed between binder systems. The intended application is comparative environ-
mental screening and hotspot identification at the material production stage. The results
are not a whole life assessment and are not intended to certify technical equivalence among
the mixtures.

Two product groups were modeled independently. The concrete group contained
six variants: CEM I, CEM 1I/B-V, CEM 11I/B, AAC-1 GGBFS, AAC-2 fly ash, and AAC-3
GGBES + fly ash. The mortar group contained four variants: CEM I, CEM III/C, CEM VI
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(S-LL), and AAS GGBFS. Each foreground process delivered 1 m? of the relevant material
as its quantitative reference. Comparisons with CEM I, percentage reductions, category
directions, and dominance relations were calculated separately for concrete and mortar.
Absolute results from the two groups are reported but are not interpreted as a functional
comparison between concrete and mortar.

The model was deterministic. No probability distributions, Monte Carlo calculation,
alternative allocation scenario, provider scenario, or transport scenario were introduced.
No normalization, weighting, endpoint conversion, or aggregation of impact categories
was performed.

2.2. Declared Unit and System Boundary

The declared unit was 1 m? of concrete or 1 m® of mortar at the production gate. Cement,
clinker, precursors and activators were mass inputs to these product systems, reported in
kg per m®
its activity is the required mass in kg divided by 1000. The boundary included constituent

; no cement-only result per ton is presented. If a provider is expressed per ton,

production, linked background supply chains, mixing and the common production-related
exchanges. Delivery beyond the modeled freight exchange, placement, site curing, use,
maintenance, carbonation, demolition, recycling and disposal were excluded. No common
strength, workability, durability or service life requirement was established; the declared
unit therefore does not demonstrate functional equivalence.

Each original foreground model contained 42.21 t-km of road freight per declared unit.
This is a common modeling input, not a constituent-specific transport inventory. Equal
freight exchanges neither represent equal real supply chains nor establish robustness of
the ranking. A route-based recalculation would use T = Z(mjd]- /1000), where m; is the
transported mass in kg per m® and d; is the distance in km; each transport mode requires
its own provider. This sensitivity has not been calculated, so the results cannot support
conclusions about actual Polish delivery distances.

2.3. Material Systems and Foreground Inventories

Table 1 records the original model inputs. Concrete CEM I, AAC-1 and AAC-3 were
adapted from formulations in Garces et al. [14]; the CEM II/B-V and CEM III/B concrete
inputs were based on Tait and Cheung [15]. Published impact results were not imported.
The NaOH pellet masses taken from [14] were linked, without concentration conversion, to
a 50% aqueous provider. Consequently, AAC-1 and AAC-3 represent neither chemically
equivalent reproductions of those recipes nor corrected activator inventories. Their reported
impacts are retained as outputs of the original model and require recalculation before
quantitative material comparisons. AAC-2 was based on the study-specific recipe used in
the original model.

All original models included 4.17 x 1077 item of mixing plant infrastructure, 0.4 MJ of
diesel use in construction machinery, 4.3 kWh of medium-voltage electricity, 8.2 MJ of light
fuel oil, 0.02 kg of lubricating oil, 5.7 MJ of natural gas and 42.21 t-km of road freight. No
additional thermal curing energy was entered. This omission is a boundary assumption
and does not establish that all activated mixtures achieve their required performance under
ambient curing. No common verified curing regime or 28-day strength dataset is available
in this analysis.

Aggregate and separately added water quantities varied among mixtures. For the
concretes, sand ranged from 588 to 800 kg m~3, gravel from 1013 to 1170 kg m~3, and
separately added water from 96 to 220 kg m~. The mortars contained 1410 or 1540 kg m~3
of sand and 235 or 257 kg m~3 of separately added water. Exact per-mixture aggregate
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and water quantities are not reproduced in this manuscript. Water contained in activator

solutions was additional to the separately entered water exchange.

Table 1. Analyzed product systems and principal binder-related foreground inputs per 1 m3.

Grou Variant Principal Binder/Precursor Original Activator

P Inputs (kg/m?) Exchanges (kg/m?)
CEM I CEM I: 354 —
CEM II/B-V CEM I: 247; fly ash: 133 —
CEMIII/B CEMI: 114; GGBFS: 266 —

) NaOH (50%): 4; sodium
Concrete AAC-1 GGBFS GGBFS: 354 silicate (48%): 72
AAC-2 fly ash Fly ash: 414 NaOH (50%): 104; sodium

silicate (48%): 104

AAC-3 GGBFS + fly ash

NaOH (50%): 21; sodium

GGBES: 71; fly ash: 283 silicate (48%): 83

CEMI Clinker: 513 —

CEMIII/C

Clinker: 51.3; GGBFS: 461.7 —

Mortar

Clinker: 205.2; GGBFS: 205.2;

CEM VI (S-LL) —

limestone: 102.6

AAS GGBFS

Sodium silicate: 59;

GGBES: 470 KOH (50%): 44

The concrete CEM I model uses a finished cement provider; CEM 1I/B-V and CEM III/B are repre-
sented by CEM I plus fly ash or GGBFS. The mortar models instead combine clinker with the stated
supplementary constituents, without separate gypsum, cement grinding or blending exchanges. They
are therefore simplified binder proxies, not inventories of finished cements. The CEM VI (S-LL) proxy
contains 40% clinker, 40% GGBFS and 20% limestone by mass of the 513 kg binder input. CEM VI
is specified in EN 197-5 [39]; the designation here does not certify compliance with all chemical,
physical or constituent requirements. AAC-3 contains 71 kg GGBFS and 283 kg fly ash per m>.

2.4. Life Cycle Inventory Database and Provider Mapping

The ten product systems were implemented and calculated in openLCA 2.6.2 [40].
BAFU-2025 Version 2—openLCA 9 March 2026 was used as the background life cycle
inventory database [41]. The foreground processes carried a PL location label, whereas
the linked background providers retained the CH or RER geographies recorded in the
mapping. The results therefore represent the selected BAFU provider system and are not a
fully regionalized Polish LCA.

CH providers were used for mixing plant infrastructure, diesel use in construction
machinery, medium-voltage electricity, light fuel oil, natural gas, CEM I cement, tap water,
sand, gravel, clinker, and limestone. RER providers were used for lubricating oil, freight,
burdened GGBFS, sodium hydroxide, sodium silicate, and potassium hydroxide. Exact
provider process names and locations are not reproduced in this manuscript.

Fly ash was linked to the custom process “FG/Material/Fly ash/zero burden-RER”,
whereas GGBFS was linked to “Ground granulated blast furnace slag, with burdens, at plant
{RER}-RER”. Thus, the GGBFS contribution is included in CEM III/B concrete and the slag-
containing mortars and activated systems; CEM II/B-V contains fly ash rather than slag. The
selected slag provider includes its assigned burdens, not necessarily the whole burden of
ironmaking. Assigning all coke- and carbonate-related ironmaking emissions to slag would
require a specified allocation rule and would risk double counting if added to an already
burdened dataset. Conversely, zero upstream burden for fly ash is an assumption, not an
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intrinsic material property. The allocation basis and composition of the slag provider require
inspection before equivalent zero-burden, economic, mass allocation and provider-specific
scenarios can be compared [25,26,42,43]. Such scenarios have not been run.

The model contains provider exchanges for NaOH, sodium silicate and KOH, but
their equivalence to the recipe dosages is unverified. The NaOH provider represents a
50% aqueous product and sodium silicate liquor containing 48% solids. In the recipe, the
44 kg KOH exchange denotes a 50% solution, but the model links 44 kg mass-for-mass to
a regional storage provider; its representation of solution concentration and production
burden is unverified. Table 1 therefore reports entered exchanges, not corrected dry solid
dosages. These mappings require correction in the model itself; changes to the text do not
correct the reported LCIA totals.

A chemically equivalent correction must use m(solution) = m(dry solute) /w, where w
is the solute mass fraction, and must reconcile the associated water. Thus 4 kg and 21 kg of
NaOH pellets require 8 kg and 42 kg, respectively, of a 50% solution. The original mappings
contain only 2 kg and 10.5 kg dry NaOH. A 44 kg, 50% KOH solution contains 22 kg KOH
and 22 kg water; the correct provider exchange depends on whether the provider reference
is dry KOH or solution. For the 48% solids silicate, water is 0.52 times the solution mass, but
total solids alone do not determine the separate SiO, and Na,O contents. These arithmetic
identities are not revised LCA results.

Activator dosage as Na,O requires the Na,O contribution of each sodium-bearing
input. Pure NaOH contributes approximately 0.7748 kg Na,O equivalent per kg NaOH;
hence dosage is 100 x [0.7748m(NaOH) + m(Na,O in silicate) |/m(precursor). The molar
silicate modulus is [m(5i0,)/60.08]/[m(Na,0)/61.98]. KOH should be reported on a K,O
basis, separately from Na,O, unless a clearly defined molar alkali equivalence convention is
adopted. Table 2 reports an exchange-level mass balance of the original aqueous activator
inputs: dry hydroxide and silicate solids, solution-carried water, and the nominal combined
dry-solids-to-binder mass ratio. These calculations verify only the arithmetic implied
by the stated concentrations. They do not establish supplier-specific oxide composition
or total water-to-binder ratios, and they do not correct the openLCA inputs or impact
totals. The sodium silicate solution’s 48% total solids do not identify its separate Na,O and
Si0, fractions; product-specific composition and recalculation of the product systems are
required before corrected dosages or LCIA results can be reported.

Table 2. Mass balance of the original aqueous activator exchanges.

Svstem Dry Hydroxide Silicate Solids Solution Water Dry Activator/Binder
Y (kg/m®) (kg/m?) (kg/m?) (%)
AAC-1 GGBFS 2.00 (NaOH) 34.56 39.44 10.3
AAC-2 fly ash 52.00 (NaOH) 49.92 106.08 24.6
AAC-3 GGBFS + fly ash 10.50 (NaOH) 39.84 53.66 14.2
AAS GGBFS 22.00 (KOH) 28.32 52.68 10.7

Calculated from Table 1 using 50 wt% NaOH/KOH and 48 wt% total solids in sodium
silicate. Solution water = 0.50 x hydroxide-solution mass + 0.52 x silicate-solution mass; dry
activator/binder = (0.50 x hydroxide-solution mass + 0.48 x silicate-solution mass)/listed
binder mass x 100. Solution water excludes separately added mixing water. The calculations
describe the original exchanges; they are not corrected LCIA inputs. Total silicate solids
cannot be divided into Na,O and 5iO, without product-specific composition.
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2.5. Life Cycle Impact Assessment

Life cycle impact assessment used CML-IA baseline as implemented in openLCA LCIA
methods 2.7.5 [44-46]. CML denotes the Institute of Environmental Sciences at Leiden
University and IA denotes impact assessment. Each indicator is calculated by multiplying
the solved elementary flow inventory by the corresponding characterization factors and
summing within that category. The eleven indicators were:

Abiotic depletion of elements (ADP-e), kg Sb eq;
Abiotic depletion of fossil fuels (ADP-f), MJ;
Acidification potential (AP), kg SO, eq;
Eutrophication potential (EP), kg PO,3~ eq;

Freshwater aquatic ecotoxicity potential (FAETP), kg 1,4-dichlorobenzene equivalents (kg
1,4-DBeg);

e  Global warming potential over 100 years (GWP100a), kg CO, eq;

e  Human toxicity potential (HTP), kg 1,4-DB eq;

e  Marine aquatic ecotoxicity potential (MAETP), kg 1,4-DB eq;

e  Ozone layer depletion potential (ODP), kg CFC-11 eq;

e  Photochemical oxidation potential (POCP), kg C,H, eq; and

e  Terrestrial ecotoxicity potential (TETP), kg 1,4-DB eq.

The toxicity and ecotoxicity unit, kg 1,4-DB eq, expresses a modeled potential relative
to 1,4-dichlorobenzene; it is not a measured mass of that substance in the concrete or an
estimate of site-specific harm. Similarly, kg Sb eq expresses abiotic resource depletion
relative to antimony. Indicators with different reference substances and mechanisms must
not be added or compared as absolute magnitudes. The factors and their units are defined
by the selected CML implementation [44-46].

For reproducibility, let g,,, denote the solved amount of elementary flow e per m3,
and CF_,, its category-specific factor. Characterization gives I, = 2.4,,,CF,.. For ADP-e,
extraction flows are multiplied by factors in kg Sb eq per kg extracted resource [45,46].
Process contributions then partition this characterized total as in Equation (1); CML is
the characterization method and ADP-e one of its indicators. As an arithmetic exam-
ple using the rounded manuscript results, concrete CEM I gives a clinker contribution
of approximately 278.2 x 0.886 = 246.5 kg CO, eq per m>. Its CEM II/B-V reduction is
100 x (1 — 198.6/278.2) ~ 28.6%. These checks illustrate contribution and comparative met-
rics, not an independent reconstruction of the elementary flow inventory. A numerical
ADP-e reconstruction requires the original extraction flows and matched factors, which
cannot be recovered from the category ratios alone.

2.6. Process Contributions and Numerical Reconciliation

Each product system was exported from openLCA to a separate Excel workbook
containing the calculation setup, inventory, total impacts and direct contributions. The “Im-
pacts” sheet supplied category totals and the “Direct impact contributions” sheet supplied
the signed process contributions used here.

The original analysis compared 110 category totals with the consolidated results and
reported agreement at stored numerical precision. Process contributions were identified
by process UUID, name and location; the reported matrices contained 4236-4242 process
columns per system. A direct contribution is the characterized elementary flow result of a
process scaled to its activity in the solved product system [40,47]. Summing these process
contributions counts each scaled direct inventory once. By contrast, summing cumulative
upstream totals for all nodes would count shared supply chains repeatedly and must not be
used for reconciliation.
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For system s, impact category c, and process p, the exported direct contribution is
denoted x(s,c,p). Its sum was required to reproduce the corresponding total impact I(s,c):

PS
Is,c = Z Xs,cp (1)
p=1

where [,  is the total cradle-to-gate LCIA result for product system s in impact category ¢

(expressed in the category-specific unit per 1 m®); x, . , is the direct characterized contribu-

S/C/]
tion of process p to that result, in the same unit; P is thiz number of process contributions in
the solved product system; and s, ¢, and p denote the product system, impact category, and
process indices, respectively.

The original numerical audit reported a maximum relative residual of 5.751 x 10~
across 110 process sum checks. This establishes arithmetic agreement as reported for those
exports, not independent validation of provider mappings, allocation or recipe equivalence.
A reproducible reconciliation table must retain, for each system and category, the exported

total, positive sum, negative sum, signed sum and residual at full precision.

2.7. Comparative Metrics and Burden-Shifting Classification

For each non-reference variant i in material group g, the GWP reduction relative to the
CEM I system of the same group was calculated as:

) ool 1 _CWPs 2
GWP,ig = ( N chwg> ?

where Rgyp, o is the GWP reduction of variant 7 in material group g (%); GWP,; is the
unrounded cradle-to-gate GWP of variant i (kg CO, eq m~3); GWPcpy 15 is the unrounded
GWP of the CEM I reference in the same group and unit; i denotes a non-reference variant;
and g denotes either concrete or mortar.

A positive value indicates a lower GWP than the group-specific reference. Relative
indices for category ¢ were calculated as:

I.
Rl o = 1001&. (3)
CEMIc,g

where RI;

1,8
the unrounded LCIA result of that variant in the category-specific unit per 1 m?; Icpy, Leg 18

is the relative index of variant i in category ¢ and material group g (%); I; . . is

the corresponding unrounded result of the CEM I reference; and i, ¢, and g denote the variant,
impact category, and material group indices, respectively. The ratio is dimensionless.

An index below 100% was classified as below the reference and an index above 100%
as above it. The classification was based on unrounded values. The number of lower and
higher categories was used only as a transparent burden-shifting descriptor; it was not
treated as a score, because categories were neither normalized nor weighted.

Within each product group, variant a was defined as Pareto-dominating variantb when:

I, <1, forallg, I,.<I,. foratleastonec. (4)

a,c =

where I, . and I, . are the unrounded LCIA results of variants 2 and b in category c, expressed
in the same category-specific unit; @ and b are alternatives within the same material group;
and c spans all eleven CML-IA baseline indicators. The first condition requires variant a to
be no higher than variant b in every category, and the second requires it to be strictly lower
in at least one category.

Pareto screening used the unrounded values of all eleven indicators, separately for
concrete and mortar. A relation is reported only for the original fixed inventory. A non-
dominated model is one for which no other model satisfies Equation (4); it is not thereby
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a preferred construction material. Without scenario and uncertainty analysis, a small
difference can reverse a relation. The 0.19% TETP difference between CEM III/B and concrete
CEM 1 is therefore a numerical distinction, not demonstrated environmental superiority
or inferiority.

2.8. Process Contribution and Hotspot Concentration Metrics

For a given category, a positive process contribution is a signed characterized result
greater than zero and increases the net indicator; a negative contribution is below zero
and decreases it. “Positive” and “negative” describe arithmetic signs, not favorable or
unfavorable environmental outcomes. Negative values can represent credits or database
corrections and must be interpreted from the underlying dataset. The signed sums are
defined as:

Pf. = Zmax(xslclp,O), Py, = Zmin(xslcrpﬁ). (5)
z P

where P is the sum of all positive process contributions for system s and category c; P~ .

s,C,p7 O)
0) retains only the negative part;

is the sum of all negative process contributions and is therefore non-positive; max(x,
retains only the positive part of a contribution; min(x, . ,,,
and the index p covers all processes in the solved product system. Both sums use the same
category-specific unit as I ..

The net resultis I = P* + P~, with P~ < 0. Negative entries are retained in the balance
and excluded only from the positive contribution ranking. A positive process share divided
by the net total can exceed its share of P* when negative corrections reduce the denominator.
The presence or absence of negative GWP entries must be checked from the category matrix;
the reported net GWP must not be assumed to equal P* merely because the table reports
positive hotspots.

Three concentration metrics use the positive sum P* as their denominator. D; measures
the largest positive contribution and Cs the cumulative contribution of the five largest
positive entries. These metrics differ from the “Share of net GWP” column in Tables 3 and 4,
which divides by the signed category total. D; and Cs are calculated as:

max(x O) 5
_p o \Tser _ 21 M (6)
1,5,c — + ’ 5,5,c — + ’

Ps,c Ps,c

where D, , . is the share of the largest positive process contribution in P+S,C ; Cs,s,c is the
cumulative share of the five largest positive contributions; x+k;slc is the k-th largest positive
process contribution after descending sorting; and k is the rank from 1 to 5. Both metrics
are dimensionless fractions and were multiplied by 100 when reported as percentages.

Hotspot breadth Ng;, was calculated as the minimum number of positive process
contributions required to reach 80% of P*:

noo, 4
Zk:l x(k),s,c

> 0.
= _080}, (7)

Ngos,c = min{n :
where Ny , . is the smallest integer number of positive process contributions needed to reach
at least 80% of P+S,C,' n is the number of ranked contributions included in the cumulative
sum; k is the rank index; x+k;slc is the k-th largest positive contribution; and 0.80 is the
adopted cumulative share threshold. Ny , . is therefore an integer count, not a percentage.

The 80% threshold is a descriptive cumulative share convention, not a statistical confi-
dence level or a physical threshold. For each system, positive entries are sorted in descending
order, accumulated and counted until their sum first reaches 0.80P*. The range 4145 is
the minimum-to-maximum count across the four activated models: AAC-1, 44; AAC-2,41;
AAC-3, 45; and AAS, 41. These entries may belong to shared supply chains. They must not
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be interpreted as 41-45 independent opportunities for intervention. The metrics describe
concentration, not sensitivity or uncertainty.

Table 3. GWP reductions and category directions relative to the product group reference.

Grou Variant GWP Categories Categories Largest Relative
P Reduction (%) Below CEMI Above CEMI Result (% of CEMI)
CEMI 0.0 — — 100
CEM 1I/B-V 28.6 11 0 88 (ADP-e)
Concrete CEM 1II/B 54.8 9 2 115 (ADP-e)
AAC-1 GGBFS 67.8 4 7 534 (ADP-¢)
AAC-2 fly ash 52.2 3 8 1147 (ADP-e)
AAC-3 GGBFS + fly ash 719 4 7 634 (ADP-¢)
CEMI 0.0 — — 100
CEM 1II/C 76.6 10 1 143 (ADP-e)
Mortar
CEM VI (S-LL) 53.1 10 1 114 (ADP-e)
AAS GGBFS 64.2 4 7 802 (ADP-¢)
Table 4. GWP hotspot concentration results.
. . . Share of Net o +
Group Variant Leading Direct Process GWP (%) Cs (% of PT) Ngo
CEMI Clinker, at plant (CH) 88.6 92.0 1
CEM II/B-V Clinker, at plant (CH) 86.7 90.7 1
CEM III/B Clinker, at plant (CH) 63.5 74.4 10
Natural gas, industrial
AAC-1 GGBF ’ 7. 28. 44
Concrete -1 GGBES furnace (CH) ? 8.6
Natural gas, industrial
AAC-2 fly ash furnace (CH) 7.8 26.9 41
Natural gas, industrial
AAC-3 GGBFS + fly ash 10.2 26.6 45
furnace (CH)
CEMI Clinker, at plant (CH) 91.2 93.9 1
CEM III/C Clinker, at plant (CH) 39.6 60.1 22
Mortar CEM VI (S-LL) Clinker, at plant (CH) 77.9 83.9 3
AAS GGBFS Natural gas, industrial 14 30.6 1
furnace (CH)
3. Results

3.1. Global Warming Potential

The concrete GWP results ranged from 78.2 to 278.2 kg CO, eq m~2 (Figure 1a). Con-
crete CEM I had the highest value. CEM II/B-V reached 198.6 kg CO, eq m3, corresponding
to a 28.6% reduction. CEM III/B reached 125.7 kg CO, eq m~3, a reduction of 54.8%. The
activated systems were 89.7 kg CO, eq m~2 for AAC-1 GGBFS, 132.9 kg CO, eq m~? for
AAC-2 fly ash, and 78.2 kg CO, eq m~3 for AAC-3 GGBFS + fly ash. Their reductions
were 67.8%, 52.2%, and 71.9%, respectively. The GWP order was AAC-3 < AAC-1 < CEM
II/B < AAC-2 < CEM II/B-V < CEM L.

Mortar GWP ranged from 101.2 to 433.1 kg CO, eq m~2 (Figure 1b). Relative to mortar
CEM I, CEM 1II/C reduced GWP by 76.6%, CEM VI (S-LL) by 53.1%, and AAS GGBFS by
64.2%. The corresponding order was CEM III/C < AAS GGBFS < CEM VI (S-LL) < CEM L
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(a) Concrete (b) Mortar
CEMII 2.2 CEM | 433.1
CEM 1I/B-V 198.6 (—28.6%)
101.2 (—76.6%
CEM I1I/B 125.7 (—54.8%) CEM JIE ( 2
AAC-1 GGBFS 89.7 (—67.8%)
° CEM VI (S-LL) 203.2 (=53.1%)
AAC-2 fly ash 132.9 (-52.2%)
= o)
AAC-3 GGBFS + fly ash 78.2 (~71.9%) AAS GGBFS 155.2 (-64.2%)
0 100 200 300 0 100 200 300 400 500

CEM 1I/B-V

CEM IlI/B

AAC-1 GGBFS

AAC-2 fly ash

AAC-3 GGBFS + fly ash

Il Below CEM |

GWP (kg CO2 eqg m—3) GWP (kg CO2 eqg m—3)

Figure 1. Cradle-to-gate global warming potential (GWP) for (a) concrete and (b) mortar models.
Values in parentheses are reductions relative to CEM I within the same product group. The two
groups use separate reference systems and are not treated as functionally equivalent.

3.2. Category Directions and Environmental Burden Shifting

GWP reduction did not imply a lower result in every category (Table 3 and Figure 2).
CEM 1I1I/B-V was below concrete CEM I in all eleven categories. CEM III/B was below the
reference in nine categories and above it in ADP-e and TETP. The unrounded TETP result
was only 0.19% above the reference, whereas ADP-e was 15% higher.

(a) (b)

CEM Ill/C P
CEM VI (S-LL)
AAS GGBFS D
0 2 4 6 8 10

Number of CML-IA baseline categories

I Above CEM| P P: dominates =1 model D D: dominated by =1 model

Figure 2. Number of CML-IA baseline categories below and above the CEM I result within each
product group: (a) concrete and (b) mortar. P marks a model that Pareto-dominates at least one other
model; D marks a model dominated by at least one other model under the original fixed inventory.
Unmarked models show neither relation in the compared set. Counts are descriptive and are not a
weighted environmental score.
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The activated concretes produced more pronounced trade-offs. AAC-1 and AAC-3
were below CEM I in four categories and above it in seven. AAC-2 was below the reference
in three categories and above it in eight. ADP-e generated the largest relative increase for
all three activated concretes: 534% of CEM I for AAC-1, 1147% for AAC-2, and 634% for
AAC-3. Their HTP indices were 212%, 402%, and 225%, respectively, and their TETP indices
were 287%, 778%, and 355%.

Both low-clinker mortars were below mortar CEM I in ten categories. ADP-e was the
only increase, reaching 143% of the reference for CEM III/C and 114% for CEM VI (S-LL).
AAS GGBFS was below the reference in four categories—GWP, AP, EP, and POCP—and
above it in seven. Its highest index was ADP-e at 802%; HTP and TETP reached 252% and
250%, respectively.

3.3. Pareto Dominance

The original fixed inventory yielded four conditional Pareto relations: CEM II/B-V
below concrete CEM I in all indicators; CEM III/B below AAC-2 in all indicators; AAC-3
below AAC-2 in all indicators; and CEM III/C below AAS GGBFS in all indicators. These are
model output relations under Equation (4), not robust rankings of physical materials. They
have not been re-evaluated after correcting activator concentrations or varying allocation,
transport and energy supply.

No dominance relation existed between CEM III/B and AAC-3. AAC-3 had lower
GWP, AP, and POCP, whereas CEM III/B had lower results in several resource-, toxicity-,
and ecotoxicity-related categories. Likewise, CEM III/C did not dominate CEM VI (S-LL),
because the former had lower GWP and several other impacts but higher ADP-e. These
non-dominated relationships are examples of genuine trade-offs within the indicator set;
resolving them would require an explicit decision context rather than an implicit count
or weighting.

3.4. GWP Process Hotspots and Contribution Concentration

The same reduction in total GWP could be associated with very different contribution
structures (Table 4 and Figure 3). The two CEM I references were strongly concentrated:
“Clinker, at plant” contributed 88.6% of net concrete CEM I GWP and 91.2% of net mortar
CEM I GWP. One positive process was sufficient to exceed 80% of the positive GWP sum
in both systems. CEM II/B-V remained similarly concentrated, with clinker contributing
86.7% of net GWP.

Replacing a larger clinker fraction broadened the profile. In CEM III/B, clinker re-
mained the leading process at 63.5% of net GWP, but ten positive processes were required
to reach 80% of P*. In CEM III/C mortar, clinker contributed 39.6% and Nj, increased to
22. CEM VI (S-LL), which retained 205.2 kg of clinker, was more concentrated: clinker
contributed 77.9% and only three processes were required to reach 80%.

The activated systems were diffuse. Their leading GWP process was “Natural gas,
burned in industrial furnace IMWth {CH}”, with a net share of 7.9% in AAC-1, 7.8% in
AAC-2,10.2% in AAC-3, and 12.4% in AAS GGBFS. The five largest positive contributions
together represented only 26.6-30.6% of P*. Between 41 and 45 positive processes were
required to reach 80% of P*. The lower GWP of these systems therefore did not correspond
to a single avoided or substitute process that controlled the remaining result; the residual
burden was distributed across energy and chemical background chains.
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C.CEM I

C. CEM 1I/B-V
C. CEM llI/B
C. AAC-1

C. AAC-2

C. AAC-3

M. CEM |

M. CEM Ill/C
M. CEM VI

M. AAS

(a) Contribution shares (b) Hotspot breadth
88.6
92.0
86.7
90.7
91.2
93.9
83.9
20 40 60 80 100 0O 10 20 30 40 50
Contribution share (%) Positive processes (Nso)
Il Leading process (% of net GWP) Cs (% of P*)

Figure 3. GWP process contribution metrics for the ten models: (a) separate bars show the leading
positive process contribution as a share of net GWP and Cs, the combined share of the five largest
positive contributions in P*; the bars have different denominators and are not additive; (b) Ny, the
number of positive process contributions required to reach 80% of P*. C. denotes concrete and M.
denotes mortar.

3.5. Resource, Toxicity, and Ecotoxicity Hotspots

The ADP-e contribution matrices contained both positive resource extraction con-
tributions and a negative “Resource correction, PbZn, cadmium” process. The negative
offset ranged from 21.3% to 38.4% of the positive contribution sum across the ten systems.
“Zinc concentrate, at beneficiation” was the largest positive process, but its share of the net
result reached 60.9-66.5% in the cement-based concretes because the negative correction
reduced the denominator. When normalized to P, its share was 38.9-41.0%. This difference
demonstrates why ADP-e hotspots should not be interpreted solely as percentages of a
net total.

HTP was less concentrated than the clinker-controlled GWP of conventional systems.
“Ferrochromium, high-carbon, 68% Cr, at plant” was the leading direct process in nine
systems, contributing 18.5-28.9% of net HTP. Mortar CEM I was the exception: disposal
of spoil from lignite mining contributed 17.4%, marginally above the 17.1% contribution
of ferrochromium. For FAETP, lignite mining spoil disposal was the largest process in all
ten systems, contributing 23.4-39.3% of the net result. MAETP was controlled mainly by
spoil and tailings disposal processes, with the largest individual share ranging from 21.0%
to 34.3%.

The mercury cell, sodium hydroxide and mercury supply processes together accounted
for 46.6%, 72.4%, 60.7% and 32.3% of the original TETP results for AAC-1, AAC-2, AAC-3 and
AAS GGBFS, respectively (Figure 4). Their presence concerns the modeled background
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AAC-1 GGBFS

AAC-2 fly ash

AAC-3 GGBFS + fly ash

AAS GGBFS

chemical supply chain; it does not indicate that mercury was added to the concrete or
mortar. The NaOH production mix provider links to a mercury cell process in the solved
network. For AAS GGBFS, which has KOH and sodium silicate as foreground activators,
the specific path to the NaOH process has not been established. The aggregate contribution
matrix cannot identify that path; a provider link trace is required. No membrane cell or

supplier-specific replacement has been calculated.

72.4%

60.7%

T T ] T 1

0 20 40 60 80 100

Share of net terrestrial ecotoxicity result (%)
B Mercury-cell NaOH + upstream mercury supply All other processes

Figure 4. Combined shares of the sodium hydroxide mercury cell process and its upstream mercury
supply process in the net terrestrial ecotoxicity potential (TETP) of four activated systems. The
remaining share represents all other processes in the solved process contribution matrix. The mercury-
related shares are specific to the selected provider model.

3.6. Exchange-Level Activator Mass Balance

Using the concentrations reported for the original providers, the exchanges corre-
spond to 2.00-52.00 kg m~ of dry hydroxide, 28.32-49.92 kg m~2 of sodium silicate solids,
and 39.44-106.08 kg m~2 of solution-carried water (Table 2). The nominal combined dry
activator-to-binder ratio ranges from 10.3% to 24.6%. For AAC-1 and AAC-3, the origi-
nal NaOH solution exchanges contain 2.00 and 10.50 kg m~3 of dry NaOH, respectively,
compared with 4 and 21 kg m~® of NaOH pellets in the cited recipes. Thus, the original
provider exchanges represent half the recipe dry-NaOH mass for these two systems. This
check identifies an exchange mass mismatch; it does not establish sodium silicate oxide
composition or recalculate the LCIA results.

4. Discussion
4.1. Carbon Reduction and the Structure of GWP

All alternatives had lower GWP than their own CEM I reference in the original model.
This pattern is consistent with the established role of clinker substitution [2-5,10-13], but the
magnitudes cannot yet be attributed solely to binder chemistry. In particular, the concrete
reference uses a cement provider whereas the mortar reference uses clinker, and the activated
inventories contain concentration mismatches. The process results nevertheless identify
clinker as the principal original GWP contributor in both references and in CEM II/B-V.
This is a basis for checking the inventory rather than proof that the reported reduction
percentages transfer to actual products.

The relationship becomes less concentrated as clinker is replaced. CEM I1I/B and CEM
III/C retained clinker as the leading GWP process, but the shares fell to 63.5% and 39.6%.
GGBFS-related, energy, transport, and other background processes formed a larger fraction
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of the remaining total. This broadening is not an environmental disadvantage by itself, it
indicates that further GWP improvement cannot be estimated from clinker content alone. It
also helps explain why low-clinker materials with similar total GWP can respond differently
to changes in energy.

Within the concrete group, AAC-3 had the lowest modeled GWP at 78.2 kg CO, eq m~3,
71.9% below concrete CEM 1 (278.2 kg CO, eq m~3). Within the mortar group, CEM
II/C had the lowest modeled GWP at 101.2 kg CO, eq m~2, 76.6% below mortar CEM
I (433.1 kg CO, eqm~3). These are separate 1 m? cradle-to-gate outputs under the orig-
inal provider mappings and activator exchanges, the common freight exchange, and no
additional curing energy input; performance equivalence was not verified. The activated
models also had diffuse contribution profiles: the leading positive process contributed
7.8-12.4% of net GWP, and more than forty positive processes were required to reach 80%
of P*. This makes the modeled GWP results explicit while limiting their interpretation to
the stated inventory.

4.2. Burden Shifting and Pareto Screening

The direction counts separate relatively consistent improvement from pronounced
burden shifting. CEM II/B-V was lower than CEM I in every indicator. CEM I11/B, CEM
III/C, and CEM VI (S-LL) were lower in nine or ten categories, with ADP-e as the recurring
exception. In contrast, the four activated systems were lower in only three or four categories
and higher in seven or eight. This pattern is consistent with previous observations that
alkali-activated materials can combine low GWP with higher resource, toxicity, ecotoxicity,
or ozone depletion indicators [12,13,28-34,48,49].

Category counts are descriptive, not a sustainability score. Changes in indicators with
different mechanisms cannot be offset against one another without an explicit weighting
method. Pareto screening retains all eleven inequalities, whereas a count retains only the
direction of change relative to CEM I. The reported relations for AAC-2 and AAS GGBFS
therefore describe the full original indicator set but remain dependent on inventory validity
and do not carry greater evidential certainty than the underlying inputs.

Dominance remains conditional on the fixed model. A change in by-product allocation,
provider geography, transport, activator technology, or declared unit could remove or
create a dominance relation. The present findings show which alternatives are dominated
under the documented assumptions; they do not establish universal technological rankings.
Non-dominated variants also require careful interpretation. AAC-1 and AAC-3 remained
non-dominated because their low GWP, AP, or POCP results coexisted with higher resource-
and toxicity-related results. A decision among them and low-clinker cement systems would
require explicit priorities, technical performance evidence, and a defined application.

4.3. Interpretation of Toxicity and Resource Hotspots

The process matrices provide evidence for several non-GWP hotspots that could only
be hypothesized from total results. The large TETP shares of the sodium hydroxide, mercury
cell and mercury supply processes show that the activated system TETP results depend
strongly on the chemical production technology represented in the selected background
database. This is not a general claim that all sodium hydroxide currently used for activation
is produced by mercury cell technology. It is a model-specific finding and a clear target for
provider verification or future scenario analysis.

AAC-2 had both the largest activator quantities and the highest TETP of the concrete
group. The two named mercury-related processes contributed 72.4% of its net TETP. AAC-
3 used smaller activator quantities and had a lower total TETP, although the combined
share remained 60.7%. These results support the broader literature conclusion that acti-
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vator formulation and inventory selection materially influence alkali-activated material
LCAs [12,13,29,30,32-36,48,49]. They also demonstrate why simply assigning zero up-
stream burden to fly ash does not make a fly ash-rich activated system uniformly favorable.
ADP-e includes positive resource contributions and a negative database correction;
percentages of the net total must therefore be distinguished from percentages of P*. The
“Resource correction, PbZn, cadmium” entry is not evidence of physical resource generation
or a measured benefit of the binder. It is part of the database accounting represented in this
calculation. Toxicity and resource depletion indicators also depend on characterization mod-
els and elementary flow mapping [45,46]. They are screening indicators, not site-specific
risk assessments. Comparison with another LCIA method would require recalculating the
same inventories with that method and cannot be inferred by rescaling the CML totals.
The toxicity and aquatic ecotoxicity matrices also show that the leading processes can
be remote from the foreground mixture names. Ferrochromium production and disposal of
mining spoil or tailings dominated several indicators. These processes occur in background
chains connected to energy, chemicals, infrastructure, and material production. The con-
tribution analysis identifies them as direct characterized processes in the solved product
system; it does not by itself establish which first-tier exchange should receive the entire
burden. A supply chain path or scenario analysis would be required for that attribution.

4.4. Comparison with Published Mixture-Level LCAs

Garces et al. [14] provide the recipe provenance for three concrete models, but the
present NaOH solution mapping does not preserve the dry NaOH dosage of the source.
Differences between the studies also concern geography, databases and precursor allocation.
Accordingly, the source is used to document provenance, not to validate the current reduc-
tion percentages. Numerical agreement or disagreement between models with different
chemical dosages cannot isolate the environmental effect of a database or allocation choice.

Tait and Cheung [15] provide a partially comparable cradle-to-gate design for CEM I,
CEM 11I/B-V, and CEM 1I1I/B concrete. Their UK inventory and assessment methods differ
from the present BAFU/CML implementation. Jiang et al. [16] compared conventional
and activated concrete and mortar, but their recipes and inventory representation are also
different. These studies support the use of defined mixture-level comparisons but reinforce
the need to report providers, allocation assumptions, and contribution structure before
transferring numerical results.

The literature identifies inventory completeness and geography [17-20,23,24], al-
location of fly ash and GGBFS [21,22,25-27,42,43], and activator production and trans-
port [28-36,48-51] as consequential choices. The current case study makes several of
these choices visible, but it does not demonstrate their equivalence across recipes or
their insignificance for the outcome. Its numerical outputs remain specific to the origi-
nal provider network.

The systematic review by Nikravan et al. [12] found broad variation in both reported
benefits and methods for alkali-activated material LCA. The process concentration metrics
used here provide an additional way to describe that methodological exposure. A clinker-
dominated GWP result can be expected to respond strongly to the clinker dataset and clinker
mass, whereas a diffuse activated system profile can respond to several linked chemical
and energy providers. The metrics do not measure uncertainty, but they identify where
uncertainty and sensitivity work would be most informative.

4.5. Practical Implications

The practical use of the present analysis is to prioritize inventory verification. For
clinker-rich systems, verify cement composition and the distinction between clinker and
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ADP-e (% of group CEM I)

finished cement before quantifying substitution benefits. For slag- and fly ash-containing
systems, establish consistent allocation and constituent processing. For activated systems,
first reconcile dry alkali, silicate solids and solution water, then verify the activator technol-
ogy and energy supply. Figure 5 illustrates why a GWP-only screen is insufficient: several
original low-GWP models have substantially higher ADP-e. The plot supports identification
of questions for model revision; it does not establish a preferred binder.

(a) Concrete (b) Mortar
1200 - AAC.2 .
[ J 1 1
1000 - i . :
| Ads |
800 - ! - ° |
AAC-3 : :
600 - ! ] i
AAC-1 ! |
400 - ! 1 !
200 - CEM /B Cm 11/B.y CEM 1 | 1 .CEM W/C cem vi CEM 1 |
Ee e ol oot o O ®-—-—---—--- ? _________________ (1 I N e ? S
O T T T T } T T T T %
0 20 40 60 80 100 0 20 40 60 80 100
GWP (% of group CEM 1) GWP (% of group CEM I)

Figure 5. GWP and abiotic depletion of elements (ADP-e) relative to the group-specific CEM 1
reference: (a) concrete and (b) mortar. GWP percentages are derived from the reductions reported
in Section 3.1; ADP-e values are the rounded indices reported in Section 3.2 and Table 3. Both axes
use a linear scale, and dashed lines mark the reference value of 100%. This two-indicator comparison
does not establish Pareto dominance or robustness to corrected inventory mappings.

For an engineering decision, the inventory should be recalculated for actual suppliers
and transport routes, including verified curing energy. Within-group Pareto screening
should then be repeated for each scenario. A relation that persists across the selected sce-
narios is more informative than a relation from one deterministic inventory, although it still
requires performance equivalence. The current results cannot demonstrate such persistence.

Material selection additionally requires a specified performance: at least 28-day com-
pressive strength, density, water-to-binder definition, workability and curing regime, fol-
lowed by exposure-appropriate durability evidence. For activated binders, solution water
and activator solids must be included consistently in the reported ratios. Neither these
verified data for all ten formulations nor a service life comparison are provided here. The
volumetric outputs therefore cannot justify structural substitution, equal service life or
whole life environmental superiority [18,21,52].

4.6. Limitations

The analysis is limited to a cradle-to-gate boundary and one deterministic inventory
model. Construction, use, maintenance, repair, end of life, carbonation, and recycling were
excluded. The foreground label PL did not regionalize all background processes to Poland;
CH and RER providers were retained. A common freight exchange was used instead of
constituent-specific distances.

The zero-burden fly ash and burdened slag assumptions are asymmetric. No allocation,
transport, electricity/heat, alternative activator technology or alternative LCIA method
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scenario has been calculated. More fundamentally, the mass-for-mass NaOH and KOH map-
pings and the use of clinker instead of finished cement in mortar require inventory correction.
These are unresolved model validity issues, not merely statistical uncertainty. They can
change both impact magnitudes and Pareto relations. Numerical recalculation is necessary
before presenting the reported differences as validated environmental comparisons.

The hotspot metrics are deterministic descriptors, not statistical measures. Dy, Cs, and
Ngy show concentration within the solved contribution matrix; they do not quantify data
quality, uncertainty, or causal dependence among background processes. Process names
identify direct characterized processes, but the analysis did not trace every hotspot to a
unique first-tier foreground exchange.

The comparison also lacks verified technical equivalence and curing requirements for
all ten mixtures. The 1 m® declared unit is a volumetric reference only. Provider-specific
toxicity and resource results cannot be generalized to the binder classes, and arithmetic
reconciliation does not remedy missing foreground information.

5. Conclusions

The case study links original cradle-to-gate category totals with signed process contribu-
tions for six concrete and four mortar inventory models. Its contribution is an interpretation
procedure that distinguishes concentrated clinker-related GWP from dispersed chemical
and energy supply chain contributions, while retaining cross-category trade-offs.

Under the original fixed inventory model, AAC-3 had the lowest GWP among concretes
(78.2 kg CO, eq m~3; 71.9% below concrete CEM I at 278.2 kg CO, eq m~?), while CEM
III/C had the lowest GWP among mortars (101.2 kg CO, eq m~3; 76.6% below mortar CEM
I at433.1 kg CO, eq m~2). These are separate per-1 m> cradle-to-gate comparisons using
the original provider mappings and activator exchanges, the common freight exchange,
and no additional curing energy. They do not establish equal strength, workability, dura-
bility, or service life. The unresolved activator mappings and binder representation make
these provisional model outputs rather than validated product benefits. Activated models
nevertheless exceeded their references in seven or eight indicators.

Four Pareto relations were identified for the original eleven-indicator dataset. Their
robustness is untested, and they must be recalculated after correcting activator dosages and
cement representation and assessing allocation, transport, energy and provider scenarios.
They do not establish a universal material ranking.

The original clinker contributions were 88.6% and 91.2% of net GWP in concrete and
mortar CEM L In the activated models, the leading process contributed 7.8-12.4%, while
41-45 ranked positive entries were required to reach 80% of P*. These linked background
processes identify where inventory examination is needed; the count is not the number
of independent mitigation measures. Mercury-related TETP hotspots likewise require
chemical provider verification.

For engineering practice, AAC-3 is the lowest GWP concrete model and CEM III/C
is the lowest GWP mortar model only under the stated original assumptions. The result
cannot be transferred across concrete and mortar or to products with different strength,
workability, durability, curing, suppliers, allocation rules, or transport routes. Before these
outputs can guide material selection, the inventories must be made chemically consistent,
technical performance must be verified, and supplier-specific scenarios must be recalculated
across the relevant impact categories. Until those checks are completed, the reported values
identify candidates for model correction; they do not substantiate a general selection of one
binder system over another.
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