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Abstract. Building sustainability is one of the current global goals due to the variety and the
quantity of the resources consumed in all the construction phases. Mortars — for masonry and
plasters applications — are one of the most “produced” and high-impact composite building
materials, since they are used both in traditional and modern constructions. Moreover, the
production processes of binders and aggregates used to package mortars require the consumption
of energy and resources and lead to the management of a huge amount of waste. In order to
reduce the environmental weight of the mortars, the scientific world has been focusing, over the
last years, on the substitution of natural aggregates with lightweight-recycled ones. Several
studies have shown that this substitution improves some performances (thermal insulation and
vapour permeability) and decreases other ones (compressive and flexural strength) as a result of
the mortars density reduction. Moreover, the variability of recycled-aggregates materials
(ceramic, plastic, concrete) and of the composition of mortars allows many different possibilities.
However, little is known about the effective convenience of the market placement of these
products. The aim of this study is to measure the environmental and economic sustainability of
mortars made with natural hydraulic lime and a partial substitution of the natural sand with
recycled aggregates from the production waste of Autoclaved Aerated Concrete bricks. These
mortars were physically and mechanically characterized in a previous research phase and they
were classified according to UNI EN 998-1 and 2. In particular, mortars with 25% by weight of
AAC at most were suitable for masonry applications. The present study investigates the synergic
possibility of packaging pre-mixes with recycled AAC aggregates in establishments where AAC
is produced, moving from the unconventional perspective of the manufacturer. At first, LCA
analyses are performed on these scenarios, in order to prove the strong decrease in the
environmental impact of both production phases — AAC production, where waste is reduced, and
mortar packaging, where the use of natural aggregates is limited — then the research moves to
the analysis of the economic sustainability of the implementation of this production line. For this
purpose, two cases are considered: an AAC manufacturer who does not produce pre-mixes, and
an AAC manufacturer who produces pre-mixes, but does not own machineries to recycle
Autoclaved Aerated Concrete bricks. Following a cost analysis related to the introduction of the
production line of pre-mixes with recycled AAC in the two cases, hypotheses of market prices
for this product are formulated in order to assess its economic sustainability, by performing
a market analysis, and verifying the compatibility of the payback periods that derive from the
related investments.
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1. Introduction

Constructions industry is responsible for the consumption of natural resources and the production of
waste both from materials manufacturing and buildings construction [1]. With specific regard to mortars,
the inputs of their production processes are mass - aggregates, binder and water - and energy resources
—fuel, electricity -, which are the results, in turn, of other impacting processes. Aggregates, in particular,
are responsible for 7% of total global energy consumption [2] while their transportation alone accounts
for about 40% of the total energy consumption by the industry [3]. In the outputs, along with the
products, a great amount of waste is generated. The flow results in an environmental pressure which is
becoming “unsustainable” for the natural systems. Recycling industrial by-products or waste appears
a valuable solution [4].

Over the last years, several researchers have investigated the use of different types of recycled
aggregates from construction and demolition works [5]-[6] and from building materials manufacturing
[7]-[10]. The investigations have suggested that recycled conglomerates exhibit the same performances
of natural ones [2] and that the use of waste or by-products increases the environmental sustainability
of the constructions industry. Actually, numerous life cycle analyses have been developed about
“sustainable” conglomerates: the results have underlined that the conglomerates packaged with recycled
aggregates, as predictable, are generally less impacting on the nature than the conventional ones [1][11].
Despite the rising interest and the availability of numerous different technological solutions, a few
attempts have been made to place these products on the market and to investigate the economic aspects
of their production line.

In order to assess both the environmental and the economic sustainability of a recycled-aggregates
mortar production, this paper compared acommercial conventional pre-mixed mortar to an
experimented one which was packaged with AAC bricks by-products. Firstly, an LCA of both solutions
was developed with the aim to measure the environmental impacts of the production lines of the two
mortars. Then, an economic analysis was carried out in two scenarios in order to calculate the payback
periods of the investments - of an AAC manufacturer - related to the introduction of a new production
line for the sustainable mortar. In one case the AAC manufacturer invested to start the production of
pre-mixes and to transform AAC off-cuts in aggregates. In the second case, he already produced pre-
mixes and needed machineries to grind AAC off-cuts. The results of this work may be used to point out
the effective feasibility of the recycling processes of by-products aggregates in the industrial production
of the mortars.

2. Materials

Two mixes were studied in the present paper: a reference mortar already available on the market and an
experimented one, hereinafter referred to as RM and 2HL, respectively. 2HL was classified as M2,5,
according to table 1 of UNI EN 998-2. The commercial pre-mixed mortars are normally formulated with
a blended binder (cement and hydraulic lime), natural sand and fibre-reinforce or additives. The use of
cement results in high mechanical performances, with a compressive strength of 5 MPa at least. The
commercial products which appeared comparable to 2HL were those specific to restoration works.
Actually, they are packaged with hydraulic lime and exhibit lower stiffness and compressive strength.
RM, then, was chosen due to its mineralogical composition, which was similar to 2HL one, as well as
for its compressive strength.

2.1. Reference mortar

The chosen RM was adry pre-mixed mortar suitable for raising masonry. It was classified as
a prescribed-composition mortar for general purposes according to UNI EN 998-2 indications. This type
of mortar, as aforementioned, is normally used for restoration due to the absence of cement and its
compatibility with the traditional materials. The mass percentages of binder (natural hydraulic lime) and
aggregates (natural siliceous sand) were 23% and 77%, respectively, for 1 kg of dry powder. The volume
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of water needed for the mixing, as reported in the technical datasheet, was of 4,5 litres to the commercial
packaging unit of 25 kg sack.

2.2. Experimented mortar

In a previous stage of research, the physical and the mechanical properties of mortars with Autoclaved
Aerated Concrete (AAC) recycled aggregates were assessed. The mortars were packaged using a natural
hydraulic lime NHL3,5 as binder, a siliceous sand and the AAC bricks production off-cuts as aggregates.
In the current paper, the 2HL mix was chosen to be compared with RM due to its compressive strength
which was of 4,53 MPa and guaranteed an M2,5 class.

3. Methodology

The analysis of the present paper consisted of three phases: firstly, the functional units of dry RM and
dry 2HL were defined and the mix proportioning of 1 m® of wet mortars was developed in order to
compare the resources depletion of each solution; secondly, a Life Cycle Assessment of RM and 2HL
production processes was carried out to measure their environmental impact; finally, an evaluation of
the economic sustainability of the implementation of 2HL production was performed considering two
scenarios in relation to AAC manufacturers.

3.1. Dry and wet proportioning of RM and 2HL

A modified absolute volume method [12] was used to define the mix design of 1 m® of RM and 2HL.
Binder, aggregates and water volumes were considered in the equation (1). An assumption was made:
the densities of the binder and the siliceous aggregates of RM were the same as 2HL. All the aggregates
were considered dry with a grain size between 0 and 4 mm. Moreover, the water adsorption of the
siliceous sand was neglected as the one of AAC was measured in a previous experimental campaign and
it was 0.73. The dry density of AAC was evaluated in the same campaign and it was 860 kg/m?®.

1= mp + mss + maac + mw (1)

PB pPss PAAC 14774

mg: mass of the binder (kg)

mss: mass of the siliceous sand (kg)

mg: mass of the AAC aggregates (kg)

mw: mass of the water (kg)

pe: density of the binder (kg/m3)

pss: dry density of the siliceous sand (kg/mq)
paac: dry density of the AAC aggregates (kg/m?)

pw: density of the water (kg/m?)

The aggregates-binder and the water-binder ratios by mass of RM were computed from the technical
datasheet information, while they were set for the experimented mortar. The masses of binder,
aggregates and water per 1 m® of wet mortar for RM and 2HL were computed. Finally, the dry
composition of the commercial unit of 25 kg was computed for both of the mixes. Table 1 reports the
mix design parameters of RM and 2HL.

3.2 LCA analysis

Despite the instinctively more environmentally efficient nature of the experimented mortar 2HL, which
was packaged using a lightweight recycled aggregate, an LCA was carried out in order to compare the
scenario of 2HL production with the RM one. The analysis was performed with the software OpenLCA,
using the database ELCD Greendelta and the methodology Ecological Scarcity Method. The latter was
chosen in order to provide the entity of the mathematical relative comparison between the two mortars
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through its single output parameter, constituted by the eco-points UBP (from the German
UmweltBelastungsPunkte [13].

Table 1. Mix design parameters of 1 m®of RM and 2HL

OB ss L AAC Wss Waac a b c
kg/m? kg/m? kg/m?
2HL 2600 1610 860 0 0.73 0.77 3 0.125

RM: reference mortar; 2HL experimented mortar; B: binder; SS: siliceous sand; AAC: Autoclaved Aerated
Concrete recycled aggregates; W: water adsorption coefficient; a: water-binder ratio by mass; b:aggregates-
binder ratio by mass; c:AAC-total aggregates ratio by mass

The functional unit of the LCA was represented by the common productive unit for premixed
mortars, that is to say 25 kg (dry weight), as aforementioned. The system boundaries were chosen
according to guidelines from the scientific literature, which proved particularly effective when dealing
with recycled materials [2][11][14], and following the cradle to gate model. The operational phase and
the end-of-life were not considered in this analysis: on one hand, it can be assumed that the reference
mortar and the experimented mortar do not differ in relation to this aspect, and - on the other hand - no
specific hypotheses have been made in regard to the use of the mortar. Moreover, the analysis focused
on the role of the producer of mortar and the production processes impacts.

Production of RM

The production stages of RM are reported in the diagram in figure 1. The following processes were
considered:

- obtainment of limestone, including the quarrying and its transportation to the factory;

- production of hydraulic lime;

- obtainment of siliceous sand,;

- production of the mortar through the homogenization of aggregates and binder;

- packaging and storing of dry mortar sacks.

For the transportation of the materials, a distance of 50 km — a commonly used mean distance — was
hypothesized.

Production of 2HL

The production stages of 2HL are reported in the diagram in figure 2. The following processes were
considered:

- obtainment of limestone, including the quarrying and its transportation to the factory;

- production of hydraulic lime;

- obtainment of siliceous sand,;

- production of AAC recycled aggregates by milling the AAC off-cuts;

- production of the mortar through the homogenization of aggregates and binder;

- packaging and storing of dry mortar sacks.

It can be noticed that all the phases related to the production of AAC off-cuts were not present in the
LCA of the experimented mortar: in fact, they can certainly be classified as materials from an external
pool, as they constitute residual resources of another production, which are not specifically realized for
this purpose; rather, their use in the experimented mortar prevents landfilling as an end-of-life, which
would lead to further environmental impacts, instead to be deducted from the LCA. Likewise, a distance
of 50 km for transportation was considered for all the materials except for AAC aggregates, for which
no transportation was applied: this follows the hypothesis of the combined production of AAC and of
the experimented mortar, in the same establishment where the off-cuts are milled and recycled.
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Figure 2. System boundaries of the experimented mortar (2HL) LCA are represented

3.3 Economic analysis

The economic assessment is exemplified in Italy, in order to take into account local parameters — such
as regulations and market characteristics — that contribute to the realism of its practical consequences.
The choice to hypothesize the possibility that AAC manufacturers produce a new commercial line by
recycling the off-cuts of their main productive process moves from the individuation of two advantages:
one is acommon trend in the building industry, and is constituted by the advantage in the re-use of
materials, reducing the economic expenditure — in addition to the environmental impact — of natural
resources; the other one is quite specific for AAC, and is related to its higher cost of landfilling. Since
it contains gypsum its waste belongs, according to ltalian regulations, to the class of disposal CER
170802, to which a cost of disposal of 0.60 €/kg corresponds; compared to general construction waste,
which normally belongs to CER 170904 — with a cost of 0.20 €/kg — it is three times higher. Considering
that each 25 kg sack of 2HL premixed mortar contains 2.34 kg of AAC, its production avoids for the
producer a cost of 1.40 €, which can be added to the net profit related to the sale of the product.

The definition of the net profit includes, on the other hand, a non-negligible degree of uncertainty
and variability. In particular, the variables are related to:
- actual future desirability of the product;
- manufacturer’s market networks;
- geographical collocation of the establishment;
- density of competitors in the area;
- dynamic variations in the market sector.

The mortar 2HL is designed as a mortar for masonry for non-structural uses, which then constitutes
the target market for this product. According to ISTAT, the Italian National Institute of Statistics, the
gross income related to the production of mortar in Italy in 2019 was 512,000,000 €; according to the
same source, 14,452,680 buildings are present in Italy, and data on its composition are only available
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for the residential sector, which however constitutes the 84.3% of the total (12,187,698 buildings),
therefore the percentage can be extended to the whole building asset. So, since in the residential sector
6,975,977 are made in masonry, it can be considered that 57.2% of Italian buildings are masonry
buildings. Finally, considering that mortars for structural uses constitute the 20% of the demand, it can
be concluded that the 45.76% of the production of mortar belongs to the target market, which then has
an economic weight of 234,291,000 €.

The introduction of a new type of mortar with more sustainable characteristics has a partially
surrogate value in relation to existing typologies of dry premixed mortars for masonry, though it is
characterized by the advantaged of being partially constituted by recycled materials, an aspect that
contributes to fulfil the CAM, Italian Minimum Environmental Criteria which require a minimum
percentage of recycled materials in interventions and new constructions; thanks to this aspect it can be
assumed that, by keeping the same mean unitary value of similar products in the market — which,
following a market analysis, was established to be 0.12 €/kg, then 3 €/sack — it can reach a satisfying
market share, proportionally to the number of competitors. At the same time, in European countries the
55% of the premixed dry mortar industry is owned by the top 10 producers [15], then applying this
paradigm to the Italian market, where 45 producers have been detected, it can be roughly hypothesized
that 45% of the industry is divided among 35 manufacturers, to each of whom a proportional market
share belongs.

The last term to consider is the investment needed to start the production line, which should be
recovered in a period of 10 years, usually considered as an acceptable pay-back time. Concerning this
aspect, the analysis was split into the two possible scenarios, respectively: of an AAC manufacturer who
does not produce premixes (Scenario a hereafter), and of one who does produce premixes, but without
recycled aggregates (Scenario B hereafter). The partial investments are constituted by a grinding
machine with a minimum section of 1.08 m?, which is the dimension of AAC off-cuts, which has been
found to have a cost of 80,000 €, and mixing and homogenization machineries for mortar packaging,
which are only necessary for the first scenario, as they are already available in the second one, and have
a total cost of 30,000 €. In order to evaluate the pay-back time, the cash flows were anticipated by
adopting the latest interest rate by Banca d’ltalia, equal to 7.12%. In order to provide a qualitative
evaluation of the feasibility of these two investment scenarios, the minimum mean annual income was
evaluated by applying an inverse formula of economic discount, considering a 20% net profit, which
results in 0.6 €/sack.

4, Results and discussions

4.1 Dry and wet proportioning of RM and 2HL

Table 2 shows the results obtained from equation (1) by using the parameters of Table 1. The results
underlined an exiguous variation of binder content to m®of mortar which can be neglected, as the binder
was 0.6% higher in 2HL than in RM. The water-binder ratio was similar for both of the mixes: since
this index is directly proportional to the durability of mortars and concretes [16][17], the durability of
2HL -which has not been tested yet- can be hypothesized the same as RM, for which the aforementioned
parameters are reported on the technical sheet. The substitution of the sand with AAC in 2HL resulted
in a consistent reduction of the total mass of the fresh-state mortar. Actually, the AAC aggregates density
is 46% lower than the siliceous sand one: this guaranteed in 2HL, with the same proportion by volume
of aggregates to m®(0.64 in both cases), the reduction of 6% of the mass resources to m*. The 2HL mix
design lowered the siliceous sand of about 217 kg to m®of wet mortars, or equivalently of 3 kg to 25 kg
of dry mortar, driving to a natural resources-saving of 21% and 16%, respectively. a higher percentage
of AAC, in order to increase the sustainability of the mortar, has been already tested: the lower density
of the mortars, however, decreased the compressive strength of the mixes and they were not suitable to
masonry applications [18].
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Table 2. (a) Mix composition of 1 m®of wet RM and 2HL; (b) Mix composition of 25 kg of dry RM

and 2HL
(a) B SS AAC Water (b) B SS AAC
kg0 m* kg m® kg md kg md kg dm®* kg dm® kg dm?
0.12 1031. 0.64 i 0.24 RM 575 221 19.2511.96 /Il Il
RM 308.1 2 " 241.1
2HL 310.1 0.12 814 0.50 116.3 0.14 2399 0.24 2HL 6.25 2.40 16.41 10.19 2.34 2.73

RM: reference mortar; 2HL experimented mortar; B: binder; SS: siliceous sand; AAC: Autoclaved Aerated
Concrete recycled aggregates.

4.2 LCA analysis

The diagram of figure 3 reports the results of the LCA through the total eco-points scored by RM and
2HL. In the latter, the substitution of about 22% of the sand volume with AAC resulted in a UBP value
15% lower than the RM one. In order to further analyse the two mortars, the diagram in figure 4 was
developed. It charts the eco-points for each of the impact categories of the methodology Ecological
Scarcity Method. In particular, the UBP were assessed for the emissions into the environmental
components of air, surface water and top-soil and for the depletion of energy and natural resources. As
reported in figure 4, the more consistent variations were observed in the emissions into air and in the
depletion of natural resources. Actually, the UBP values of RM in these two categories were about 21%
and 19% higher, respectively, than 2HL ones. This result underlines the key-role played by the use of
recycled aggregates instead of natural ones in the production of low-carbon footprint building materials.
The manufacturing processes which employ recycled resources and industrial by-products or waste are
particularly useful to the goal of low emissions and concentrations of hazardous gases [19]. Moreover,
the transportation of raw materials from their locations to the factory highly affects the emissions into
the air [20]. The AAC off-cuts, which could be immediately available in situ to the manufacturer of both
AAC bricks and premixes, reduce the mass of aggregates to be moved. Finally, the substitution of natural
aggregates with recycled AAC allows preserving the resources whose scarcity is progressively
increasing. Moreover, the experimented mortar exhibited a reduction of about 13% of emissions into
surface water while the emissions into top soil of the two mortars were similar: 2HL allowed a moderate
improvement as its UBP was 3% lower than RM one. Conversely, the energy resources consumption of
2HL process was 14% higher than RM.

500000
450000 2HL HRM
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350000
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200000
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N
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Figure 3. LCA analysis of RM and 2HL: UBP values of total environmental impacts are charted
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Figure 4. LCA analysis of RM and 2HL: UBP values of environmental impacts in emissions and
resources consumption are charted.
4.3 Economic analysis
In the first scenario, the minimum mean number of produced sacks per year is 3.688, while in the second
scenario it is 2.682. Table 3 reports the details of the saving related to the avoidance of landfilling for
AAC off-cuts, net profit from the sale, and minimum annual profit, the consequent number of sold sacks
per year and consequent income and the related market share in the two scenarios.

Table 3. Parameters of the economic analysis of the introduction of a production line of mortar with
recycled AAC aggregates

SL NP NS AP Al MS
€/sack €/sack n € € %

Scenario A 3.688 7.390 11.066 0.010

ScenarioB -4 0.6 2,682 5.375 8.049 0.008

SL.: unitary saving from the avoidance of landfilling; NP: unitary net profit from sale; NS: minimum number of
sold sacks per year; AP: minimum annual profit; Al: minimum annual income; MS: minimum market share

In both scenarios, the market share that results from calculations is characterized by a very low entity:
considering 35 minor competitors, this is certainly a realistic threshold. Certainly, despite the slight
numerical difference, the manufacturer from Scenario B is already present in the market, and so his
perspectives of the required reception on the market are more likely to be fulfilled. Aside from this
observation, in both cases, the possibilities to restore the initial investment in a period of 10 years can
be claimed to be realistic.

5. Conclusions

The paper suggested an approach to the green design that blends together the synergies that can help in
making practical applications possible and widespread. The role of the manufacturer — which was the
main focus both in the definition of the LCA boundaries and in the perspective and purpose of the
economic analysis — has a central function in a more massive spread of sustainable solution in the
construction industry.

In accordance with the results of the dry and wet proportioning and the previous research stages, the
paper demonstrates that it is possible to design asustainable pre-mixed mortar - with a partial
substitution of the natural aggregates with AAC off cuts — suitable to masonry applications. Actually,
2HL and RM were formulated with the same binders, the volume of aggregates per m® and water-binder
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ratio and their compressive strength was comparable. The use of AAC, which is less dense than sand,
implied the reduction of resources per m? of about 6%: the formulation of 2HL can allow to save natural
scarce resources and to cut the energy consumptions related to the aggregates transportation from their
location to the manufacturing site.

The LCA analysis of the two mortars underlined that 2HL formulation lowers the emissions into
three environmental components and the resources consumption. These results suggest that the reuse of
AAC bricks off-cuts as aggregates for pre-mixed mortars — otherwise landfilled- can allow the AAC
manufacturers to develop a “green” building material and to avoid the disposal costs of the industrial
by-products. However, further studies are needed to define more deeply the crushing and grinding
processes of AAC bricks to make them suitable to mortars, as regards — in particular — the energy
consumptions related to the mechanical transformation of AAC in order to have the appropriate grain
size distribution.

The economic analysis provided the magnitude required to affirm that an investment aimed to place
a more sustainable product, as is the experimented one, on the market and to reduce waste would also
be widely recovered in an acceptable period, despite a certain degree of uncertainty that could be
covered by future, more detailed market analyses and case studies on the specific market sector.
However, it can be noticed that, for each functional unit of product, the economic benefit deriving from
the reuse of off-cuts instead of landfilling is even higher than the net income related to the sale of the
mortar itself, providing hints for the necessity to find alternative ‘after-life” solutions for other products
with a high expense for landfilling.
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