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Abstract: The valorization of wastes as an alternative or secondary raw material in various products
and processes has been a solution for the implementation of sustainability, a safer environment, and
the concept of circular economy in the efficient use and management of natural resources. To promote
sustainability through a circular economy approach, this work tries to demonstrate the environmental
gains that are obtained by bringing together, in an industrial symbiosis action, two large industrial
sectors (the pulp and paper and the road pavement sectors) responsible for generating large amounts
of wastes. A sustainability assessment, based on a life cycle and circular economy approach, is
presented here, and discussed using a simple case study carried out on a real scale. Two wastes
(dregs and grits) from the pulp and paper industry (PPI) were used to partially replace natural fine
aggregates in the production of bituminous mixtures used on the top surface of road pavements. The
impacts at a technical, environmental, economic, and social level were assessed and it was shown
that this simple waste valorization action is not only positive for the final product from a technical
point of view, but also for the environment, causing positive impacts on the different sustainability
dimensions that were evaluated.

Keywords: sustainability; LCA; bituminous mixture; waste valorization; construction

1. Introduction

The current linear model of economic development has contributed to resources
scarcity and to the increase in wastes generation, as well for the emission of greenhouse
gases [1]. This growth has followed a linear logic, “take–make–dispose”, meaning that
wastes are not recycled but simply deposited in landfills [2]. To change this, the concept of
a circular production model has emerged, where the economic and environmental value
of products are explored for as long as possible, and this strategy involves, among other
actions, replacing primary materials with secondary materials [3].

The construction sector contributes to the economic development through wealth
creation (GDP) and employment [4] but, at the same time, impacts and creates pressure on
the environment due to intensive consumption of natural resources and energy as well as
due to waste generation [5,6]. This has negative effects on the environment, and it does
not help promote sustainability and does not encourage the conservation of fundamental
resources (water, energy, and raw materials) [7–9]. To counteract these negative impacts,
industrial sectors should apply a circular economy concept which also involves the incor-
poration of wastes or byproducts coming from their own sector or from other industries
but keeping the same technical performance as the products made from the traditionally
used natural raw materials [10–14]. This action allows the minimization of landfill disposal
and maintenance of the natural resource reserves [15].

Built infrastructures like roads use different pavement materials combined in mixtures
containing aggregates (coarse or fine aggregates and fillers) and a binder (bitumen) [16–18].
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Thus, pavements can receive different wastes to reduce extraction of natural resources.
For example, Topini et al. [19] used bottom ashes from municipal waste incinerators and
electric arc furnace steel slags as fillers in bituminous mixtures and obtained good results
(compaction, volumetric properties, and mechanical performance) compared with the
standard material (calcareous filler) in the same formulation. Sangiorgi et al. [20] used three
wastes (used bentonite clay, dried mud waste from tungsten extraction, and a powder from
grounded waste glass) as a filler in bituminous mixtures and found that they could assume
that function.

In addition to the construction industry, there are other sectors, such as the pulp
and paper industry (PPI), consuming large amounts of raw materials (wood and various
chemical products) and other resources (water, energy), generating a large volume of
different wastes (e.g., lime mud and lime ash, lime slaker grits, green liquor dregs, boiler
ash, fly ash, and primary and secondary sludges) that are mostly landfilled [21–24]. Dregs
are generated in the clarification step of the green liquor in the PPI process and consist
of sodium carbonate (Na2CO3), calcium carbonate (CaCO3), and sodium sulfide (Na2S).
Grits are another waste generated in the causticizing step and consist of calcium carbonate
(CaCO3), but may also present CaO, Ca(OH)2, and Na2CO3 as residual components [22,25].
Both wastes show similarity with the fine limestone aggregates used in several construction
materials. Some authors [22,26] investigated the use of dregs and grits in hot bituminous
mixes and both obtained good results at the laboratory scale. Zanella et al. [27] evaluated
the effect of a partial incorporation of grits and dregs in mortars, validating their use
as aggregates.

After technical validation, the economic and environmental performance of the pave-
ments should be evaluated through life cycle cost analysis (LCCA) and life cycle assessment
(LCA) [12,28]. LCA allows the quantification of the environmental impacts of processes
and products during the life cycle, from the extraction of raw materials to their end of life,
following ISO standards (ISO 14040 to ISO 14044 series) [29–31]. It is also relevant to carry
out a social impact assessment study based on a social life cycle assessment (S-LCA) [32,33],
because this will allow an overall sustainability evaluation on the introduced modifications.

In the road pavement sector, some researchers have carried out LCA studies to compare
different solutions. Farina et al. [28] studied the environmental impacts in the construction
of the road wear top layer with dense bituminous mixtures containing recycled materials
(rubber from used tires and reclaimed asphalt) and compared them with the traditional
solution with natural raw materials, verifying that mixing with rubber has produced
fewer environmental impacts. Vega et al. [34] analyzed the environmental impacts of
bituminous mixtures with recycled concrete aggregates and found that incorporation of
15% to 30% reduces the impacts compared to the conventional mixture. Costa et al. [35]
calculated environmental impacts of waste recycling solutions in building materials and
compared them with the landfill disposal solution and found fewer environmental impacts
than the disposal scenario. A recent study also presented an integrated approach on
wastes valorization in pavements articulating engineering, environmental, and economic
implications on its sustainability [36].

The aim of this case study is to assess, in real scale, with a circular economy perspec-
tive, the technical viability and sustainability of bituminous mixtures for road pavement
top layers, incorporating PPI wastes (dregs and grits) as alternative raw materials to nat-
ural aggregates. The economic, environmental, and social impacts of the linear solution
(production and application of bituminous mixture on the road pavement and landfill dis-
posal of wastes) and of the circular solution (production and application of the bituminous
mixture with dregs or grits on the road pavement) are analyzed and compared at a real
industrial scale.

2. Materials and Methods

Most road pavements are of the flexible type and present a top layer with a bitumi-
nous mixture. This product is formed by different size aggregates (95 wt%) and bitumen
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(5 wt%) [10]. Industrial-scale production of the mixture begins with the transport of raw
materials to the bituminous mixture preparation plant. Afterwards, aggregates and bitu-
men are heated and mixed in the plant, and then the mixture is loaded into a truck and
transported to the application site. Finally, at the application site, the mixture is spread and
compacted by a paver and a compaction cylinder, respectively [37]. Bituminous mixtures
are currently standardized products with CE marking, based on defined requirements,
characteristics, and test methods for this type of product (EN 13108-1) [38].

Experimentally, this work involved the design, implementation, and monitoring of
three bituminous mixtures of the AC14 surface type for application in the pavement wear
top layer, one being the reference, with a standard bituminous mixture formulation, and the
other two were produced with bituminous mixtures where the fine aggregate (limestone
powder) in the standard formulation was partially replaced by dregs or grits, two wastes
from the pulp and paper industry. This approach promotes the industrial symbiosis
between two industrial companies located less than 25 km from each other, by using the
PPI wastes as an alternative raw material in the construction sector. Before incorporation
into the bituminous mixtures, a waste manager facility was engaged to dry and sieve the
wastes, to eliminate the excess moisture which was initially 50% in dregs and 20% in grits,
too much for the intended application. This real-scale test intends to change the linear
economy paradigm in a sector that extensively uses natural aggregates, together with
another one (PPI) that needs to avoid sending to landfill most of its wastes.

Thus, dregs and grits were tested as alternative raw materials of natural aggregates
in the production of bituminous mixes, while changes to the production conditions were
checked along with the final characteristics and performance of the bituminous mixtures.
Three wear top layers were produced on a full-scale pavement (250 m road), involving a
traditional linear economy solution (natural aggregates) and a circular one (mixtures with
wastes). Wastes content used to replace the fine aggregate was intentionally kept small
(<4%) yet enough to assess their impact, with the purpose of valuing them locally, but
without degrading the layer required features and avoiding long distance transportation
(>50 km), so as not to aggravate CO2 emissions.

Before the real-scale test, wastes and the traditional aggregate raw material (limestone)
were characterized (particle size analysis, density, fines quality) in order to assess any dif-
ferences. Before the pretreatment stage, samples were taken to assess moisture and particle
distribution to guarantee an equivalent material to the traditional raw material. During the
real-scale test, samples from the bituminous mixtures with and without wastes were taken to
assess technical characteristics such as given by the Marshall test, porosity, and conserved
strength. The mixtures environmental impact was assessed in situ for 1 year through leachate
collection after road opening to traffic and at the laboratory by standard leaching tests.

After technical validation of the asphalt top layer produced in both circular and
linear context, sustainability evaluation of the developed solutions was made though LCA
assessments of the environmental, economic, and social impacts caused by this simple
industrial symbiosis.

3. Case Study: Description and Technical Assessment

Implementation of the circular model used wastes (dregs and grits) as alternative
aggregates in the bituminous mixture, but also avoiding landfill disposal of wastes in the
pulp and paper industry. Hence, three mixtures of the AC14 surface type (named reference,
dregs, and grits) were produced for application as a top layer in a 250 m road stretch, with
the formulations shown in Table 1.

The implementation of this industrial real-scale trial involved the following steps
(Figure 1): In the linear case (reference), the natural raw materials were transported directly
to the mixing plant from the extraction sites. For the mixtures with wastes (dregs and
grits), they were first dried in a solar greenhouse oven, sieved, and placed in big bags for
transportation to the bituminous mixture process central. There, they were inserted as
aggregates, replacing the natural crushed limestone (0/4 mm) in the reference formulation
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and then mixed with the rest of the components. After final preparation, the three different
bituminous mixtures, with and without PPI wastes, were brought to the application site
that was previously prepared to receive the top layer pavement.

Table 1. Formulations of the bituminous mixtures (AC14 surface type).

Raw Material Reference (%) Dregs Grits

Coarse aggregate (6/14 mm) 52 52 52
Crushed granite (0/5 mm) 22 22 22

Crushed limestone (0/4 mm) 22 18 18
Filler 4 4 4
Dregs 0 4 0
Grits 0 0 4

Bitumen 4.9 5 4.9

For monitoring purposes, samples were taken at the application moment of the three
mixtures for laboratory tests and for the 1-year monitoring plan. Samples were also taken
from the finished road stretch to perform the control tests that also included local leachate
gathering and testing.
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Figure 1. Implementation steps of bituminous mixtures with and without wastes (dregs and grits) on a
road surface: 1. Waste transportation from producer (NVG) to waste manager (WM) in an open truck;
2. Drying process at solar drying (greenhouse); 3. Grits drying process; 4. Grits transportation to the
bituminous central; 5. Dregs drying; 6. Dregs sieving process after drying; 7. Dregs transportation to
the bituminous central; 8. Mixing dregs and grits in the bituminous mixtures; 9. Bituminous mixtures
production; 10. Discharge of bituminous mixture to the truck; 11. Bituminous mixture truck arriving
at road location; 12. Surface treatment for roughness; 13. Track coat asphalt emulsion application;
14. Mixtures application equipment; 15. Dregs bituminous mixture application; 16. Grits bituminous
mixture application; 17. Standard (reference) bituminous mixture application; 18. Final road stretches
(reference, dregs, and grits).

CE marking of construction products is mandatory for products that are covered by a
harmonized standard [39], which, in the case of bituminous mixtures aggregates, follows
EN 13043 [40]. It identifies the minimum requirements that aggregates must meet (particle
size analysis) and the properties to be characterized (density and quality of fines) [10].
Table 2 shows that dregs, grits, and natural limestone powder characteristics are quite
similar and comply with the quality limit of fine particles they should contain (10 g/kg) as
an AC14 surface type mixture. Figure 2 shows the particle size distribution (EN 933-2) [41]
of dregs, grits, and limestone (0/4 mm) and, although finer, both wastes show a size
grading comparable to the natural limestone used as fine aggregate. Figure 3 shows the
fitting of the aggregate mixture in the formulations under test.

Table 2. Characteristics for dregs, grits, and crushed limestone (0/4 mm).

Parameter Standard Grits Dregs Crushed
Limestone (0/4) Units

Particle density EN 1097-6 [42] 2630 2630 2640 mg/m3

Fines quality EN 933-9 [43] 0.2 3.6 4 g/kg
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During implementation, the features gathered in Table 3 were characterized. All the
parameters of the different bituminous mixtures comply with the required limits in the
specifications of an AC14 surface type layer, except for a small deviation in the porosity
and conserved strength of the bituminous mixture with dregs. Also, Table 4 shows the
results of the leachates that were collected in the road drainage system for the different
sections of the road pavement, in months 0, 6 and 12, where it was possible to verify that
leachate concentrations are well below the limit values

Table 3. Quality control features of bituminous mixtures.

Sample Features Reference Grits Dregs Required Limits Standard

Density 2357 2351 2336 - (mg/m3) EN 12697-6 [44]

Maximum density 2471 2465 2476 - (mg/m3) EN 12697-5 [45]

Air voids content (VM) 4.6 4.6 5.7 3–5% EN 12697-8 [46]

Voids content in the aggregate 15.8 15.8 17.0 ≥14% EN 12697-8

Voids in aggregate filled with binder 70.9 70.9 66.8 - (%) EN 12697-8

Flow 3.7 3.4 3.6 2 ≤ F ≤ 4 mm EN 12697-34 [47]

Stability 16.3 14.7 15.3 7.5 ≤ S ≤ 15 (*) kN EN 12697-34

Marshall quotient 4.4 4.3 4.2 ≥3 kN/mm EN 12697-34

Conserved strength 100 95 77 >80% MIL STD 620
(method 104) [48]

Bitumen binder (%) 4.9 4.9 4.9 ±0.3% Reflux method

Table 4. Results of the chemical analysis of the leachate water from the drainage system.

Parameter Unit

Month 0 Month 6 Month 12 Limits DL
183/2009

(mg/L) [49],
with L/S =

10 L/kg

Before
Installation

Ref Dregs Grits Ref Dregs Grits

Chloride mg/L 5.6 20.3 19.6 19.0 16.4 16.1 16.3 80

Cr total µg/L 0.90 <0.40 (LQ) <0.40 (LQ) <0.40 (LQ) <0.003 (LQ) <0.003 (LQ) 0.004 0.05

Fluoride mg/L <0.200 (LQ) 0.23 0.22 0.33 <0.200 (LQ) <0.200 (LQ) <0.200 (LQ) 1

Phenol
index mg/L <0.005 (LQ) <0.005 (LQ) <0.005 (LQ) <0.005 (LQ) <0.005 (LQ) <0.005 (LQ) <0.005 (LQ) 0.1

Sulphate mg/L 11.97 26.00 25.83 22.53 16.60 15.70 14.53 100

Cu mg (Cu)/L 0.03 0.04 0.08 0.06 0.04 0.03 0.04 0.2
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Table 4. Cont.

Parameter Unit

Month 0 Month 6 Month 12 Limits DL
183/2009

(mg/L) [49],
with L/S =

10 L/kg

Before
Installation

Ref Dregs Grits Ref Dregs Grits

Zn mg (Zn)/L 0.05 0.30 0.12 0.83 0.20 0.49 1.08 0.4

Pb mg (Pb)/L 0.01 0.01 0.01 0.01 0.003 0.006 0.02 0.05

Hg mg (Hg)/L <0.01 (LQ) <0.01 (LQ) <0.01 (LQ) <0.01 (LQ) <0.01 (LQ) <0.01 (LQ) <0.01 (LQ) 0.001

Cd mg (Cd)/L <0.0005 (LQ) <0.0005 (LQ) <0.0005 (LQ) <0.0005 (LQ) <0.0005 (LQ) <0.0005 (LQ) <0.0005 (LQ) 0.004

Ni mg (Ni)/L 0.01 0.01 0.01 0.01 0.005 0.004 0.01 0.04

Cr mg (Cr)/L 0.004 0.01 0.004 0.01 <0.003 (LQ) <0.003 (LQ) 0.004 0.05

Ba mg (Ba)/L 0.01 0.10 0.08 0.20 0.08 0.06 0.02 2

As mg (As)/L 0.002 0.018 0.018 0.002 0.146 0.012 0.002 0.05

Sb mg (Sb)/L 0.001 0.002 <0.001 (LQ) 0.00 <0.001 (LQ) <0.001 (LQ) 0.004 0.006

Se mg (Se)/L <0.003 (LQ) <0.003 (LQ) <0.003 (LQ) <0.003 (LQ) <0.003 (LQ) <0.003 (LQ) <0.003 (LQ) 0.01

4. Case Study: Sustainability Assessment
4.1. Sustainability Assessment Methodology

Life cycle sustainability assessment (LCSA) is a methodology, based on LCA principles,
allowing the evaluation of the three dimensions of sustainability. Here, the guidelines
defined by Ciroth et al. [50] were considered and, for each of the life cycle assessments
performed, additional reference methodologies were applied.

4.1.1. Environmental Life Cycle Assessment (e-LCA) Method

In the environmental life cycle assessment (e-LCA), the reference method applied was
based on ISO 14040:2006 [51] and ISO 14044:2006 [52]. The environmental impact categories
assessed were the following:

• GWP100: Emission of greenhouse gases (expressed as the sum of global warming
potential, GWP, 100 years, in carbon dioxide equivalents, CO2 equivalent).

• AP: Acidifying potential (expressed as sulfur dioxide equivalents, SO2 eq.).
• EP: Emission of substances to water contributing to oxygen depletion, “eutrophication”

(expressed as phosphate equivalents, PO4
3− eq.).

• POFP: Emission of gases contributing to the creation of ground-level ozone, “photo-
chemical oxygen creation potential” (expressed as ethylene equivalents, C2H4 eq.).

• ODP: Emission of ozone-depleting gases (expressed as the depletion potential of the
stratospheric ozone layer, ODP kg CFC11 eq.).

• ADP: Depletion of abiotic resources—elements (expressed as abiotic depletion poten-
tial (ADP—elements) for non fossil resources, kg Sb eq.).

• ADP-FF: Depletion of abiotic resources—fossil fuels (expressed as abiotic depletion
potential (ADP—fossil fuels) for fossil resources, MJ, net calorific value).

The characterization models and factors used to calculate each environmental impact
category are based on CML-IA (baseline 2013) methodology. Likewise, another two ad-
ditional environmental impact categories were also assessed, namely, CED—cumulative
energy demand (MJ) and WU—water resources used (m3).

The specific software, database, and impact assessment methodology used in this study
for LCA was Simapro v.9.2.0.1 software, Ecoinvent v.3.4 database and the environmental
impact categories assessed were those defined in the product category rules of the EPD
international system for highways, streets, and roads (International EPD System, 2018).

4.1.2. Life Cycle Costing (LCC) Method

Life Cycle Costing assessment allowed the evaluation of the economic impact of each
solution during its life cycle. In this case, the methodology followed ISO 15686-5:2017 [53].
To perform this assessment, the data collected corresponded to materials acquisition cost,
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rental of equipment used which included the manpower, cost of transport of materials, and
cost of energy consumed, meaning the cost of consumed fuel by the equipment used in
construction works.

For LCC, an Excel file was used in the analysis, being all data collected from pro-
cess owners, literature review, and online product providers. The impact assessment
methodology was based on ISO 15686-5:2017.

4.1.3. Social Life Cycle Assessment (s-LCA) Method

For the social life cycle assessment, the methodology followed the Guidelines for Social
Life Cycle Assessment of Products [54]. Apart from information collected for the (e)-LCA
and LCC, specific information about workforce and operations time was also gathered.
Finally, the specific software, database, and impact assessment methodology used in this
study for s-LCA were an open-LCA software (v.2.1), PSILCA 2.0 database, and Guidelines
for Social Life Cycle Assessment of Products (2009), respectively.

4.2. Functional Unit and System Boundaries

The functional unit used was 1 m2 of bituminous mixture for the construction of a
surface layer with 5 cm of thickness (reference, dregs, or grits containing mixtures) and
Figure 4 shows the boundaries of the assessed systems, including all involved processes
during manufacturing stage.
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In the current solution, we considered two different scenarios: first, the landfill disposal
of the dregs and grits wastes generated in the pulp and paper industry, and second, the
manufacture of bituminous mixtures using dregs and grits wastes to replace the natural
limestone aggregate used in these mixtures for road top layers. The end-of-life stage for the
studied solutions was not included within the systems limits as there is no difference for
this stage between these systems.
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4.3. Allocation Procedures

A cut-off system model was applied and, consequently, recyclable materials are avail-
able, burden-free to recycling processes, and secondary (recycled) materials bear only the
impacts of the recycling processes. No other allocation procedure was used in this study.

5. Case Study: LCA Results and Discussion
5.1. Environmental Assessment

In the linear model, wastes (dregs and grits) are transported from the PPI producer’s
facilities to the landfill (1.5 km away). Hence, in the landfill stage, there are impacts
resulting from the excavation work (hydraulic digger (HD)) and the waste movement
(skid-steer loader (SSL)), as well as from the waste deposition in the landfill. Table 5
shows the impacts generated in the wastes (dregs and grits) landfill disposal. The partial
replacement of natural limestone aggregate powder (4%) by the alternative raw material
(wastes) uses 4.70 kg of dry wastes per m2. However, because dregs and grits are wet when
generated at the mill and landfilled as such, when 4.70 kg of dry wastes are not used in
each bituminous mixture production (circular model), it implies that 7.83 kg of wet dregs
or 5.63 kg of wet grits are deposited in the landfill (linear model), which generates the
environmental impacts expressed in Table 5.

Table 5. Results of the environmental impacts for waste deposition in the landfill following bitumi-
nous mixture production.

Category Unit Transport
(1.5 km)

Excavation
(HD)

Movement of
Wastes (SSL) Landfilling

GWP kg CO2 eq 2.76 × 10−3 6.45 × 10−3 6.47 × 10−3 3.96 × 10−2

ODP kg CFC−11 eq 5.16 × 10−10 1.22 × 10−9 1.21 × 10−9 6.13 × 10−9

AP kg SO2 eq 9.75 × 10−6 5.02 × 10−5 5.02 × 10−5 2.92 × 10−4

EP kg PO4 eq 1.90 × 10−6 1.11 × 10−5 1.12 × 10−5 1.39
POFP kg NMVOC 1.35 × 10−5 9.33 × 10−5 9.34 × 10−5 4.87 × 10−4

ADP kg Sb eq 6.30 × 10−12 1.76 × 10−10 2.09 × 10−10 9.92 × 10−10

ADP (fossil
fuels) MJ 4.01 × 10−2 9.43 × 10−2 9.40 × 10−2 5.34 × 10−1

WU m3 1.45 × 10−4 2.03 × 10−4 2.05 × 10−4 2.04 × 10−3

CED MJ 4.28 × 10−2 1.01 × 10−1 1.01 × 10−1 5.76 × 10−1

Production of the reference bituminous mixture (linear model) presents impacts asso-
ciated with the use of raw materials (natural aggregates) (Table 6) as well as the transport
of crushed limestone to the bituminous plant (78 km away), and the ones associated with
the bitumen and fuel (Table 7).

Table 6. Results of the environmental impacts for aggregates in bituminous mixture formulation.

Category Unit
Coarse

Aggregate
(6/14 mm)

Crushed
Granite

(0/5 mm)

Crushed
Limestone
(0/4 mm)

Natural
Filler

GWP kg CO2 eq 3.84 × 10−1 7.03 × 10−2 6.82 × 10−2 9.04 × 10−1

ODP kg CFC−11 eq 4.19 × 10−8 7.66 × 10−9 9.75 × 10−9 9.84 × 10−8

AP kg SO2 eq 2.13 × 10−3 3.90 × 10−4 9.85 × 10−4 5.01 × 10−3

EP kg PO4 eq 5.64 × 10−4 1.03 × 10−4 2.37 × 10−4 1.32 × 10−3

POFP kg NMVOC 2.12 × 10−3 3.88 × 10−4 1.53 × 10−3 4.98 × 10−3

ADP kg Sb eq 3.96 × 10−8 7.23 × 10−9 7.40 × 10−9 9.30 × 10−8

ADP (fossil
fuels) MJ 4.68 8.55 × 10−1 8.68 × 10−1 1.10 × 101

WU m3 3.80 × 10−1 6.94 × 10−2 9.26 × 10−2 8.92 × 10−1

CED MJ 5.65 1.03 9.80 × 10−1 1.33 × 101
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Table 7. Environmental impacts for binder, limestone transport, and fuel used in bituminous central.

Category Unit Bitumen Limestone
Transport (78 km) Fuel

GWP kg CO2 eq 2.59 1.43 × 10−1 2.26 × 10−1

ODP kg CFC−11 eq 3.64 × 10−6 2.62 × 10−8 4.00 × 10−7

AP kg SO2 eq 2.44 × 10−2 4.86 × 10−4 2.89 × 10−3

EP kg PO4 eq 3.13 × 10−3 9.39 × 10−5 3.37 × 10−4

POFP kg NMVOC 2.37 × 10−2 6.66 × 10−4 1.52 × 10−3

ADP kg Sb eq 1.39 × 10−7 3.20 × 10−10 4.43 × 10−8

ADP (fossil fuels) MJ 2.84 × 102 2.03 3.09 × 101

WU m3 8.02 × 10−1 7.37 × 10−3 6.48 × 10−2

CED MJ 3.10 × 102 2.17 3.31 × 101

Fuel is used to dry and heat up the different raw materials, to produce the hot bitumi-
nous mixture [10,18,37]. After production, the bituminous mixture is applied on the road
to produce the wear top layer and three pieces of energy-consuming equipment (asphalt
paver, pneumatic roller, and tandem vibratory roller operating on diesel) are used and
accounted for. Table 8 presents the impacts associated with the associated energy from the
equipment used in the application of the road top layer.

Table 8. Environmental impacts for equipment used in surface layer paving.

Category Unit Asphalt Paver Pneumatic
Roller

Tandem
Vibratory Roller

GWP kg CO2 eq 4.19 × 10−1 2.32 × 10−1 1.64 × 10−1

ODP kg CFC−11 eq 7.90 × 10−8 4.37 × 10−8 3.09 × 10−8

AP kg SO2 eq 3.27 × 10−3 1.81 × 10−3 1.28 × 10−3

EP kg PO4 eq 7.23 × 10−4 4.00 × 10−4 2.83 × 10−4

POFP kg NMVOC 6.06 × 10−3 3.36 × 10−3 2.37 × 10−3

ADP kg Sb eq 1.30 × 10−8 7.17 × 10−9 5.08 × 10−9

ADP (fossil fuels) MJ 6.15 3.40 2.41
WU m3 2.48 × 10−2 1.37 × 10−2 9.69 × 10−3

CED MJ 6.57 3.63 2.57

The impacts of production and application of the bituminous mixtures (Tables 6–8)
result mainly from the use of the binder (bitumen), except in the water use (WU) category,
which results from the use of commercial filler.

Bitumen contribution ranges from 39 to 83% to the environmental impact categories
of global warming, ozone layer depletion, acidification, eutrophication, photochemical
oxidant formation, abiotic depletion (including fossil fuels), and total CED. This contribu-
tion mainly results from bitumen production, since during its refining process there is gas
burning and the used fuel (naphtha) has a high sulfur content. The filler is responsible for
38% of the impact in water use, due to water consumption in the rock-crushing step during
production phase [55].

Table 9 shows the impacts generated in the production of the bituminous mixture
and on the landfill deposition of dregs and grits (linear model). Impacts of the linear
model (Table 10) result mainly from the production and application of bituminous mixtures,
except in the eutrophication category, which reflects the landfill disposal of wastes (dregs
and grits).

The impacts resulting from waste landfill disposal (Table 6) no longer exist in the
circular solution, because this disposal is no longer carried out. However, to be used as
an alternative raw material, the waste requires pretreatment operations carried out by a
licensed waste manager. Thus, the dregs pretreatment impacts (Table 10) arise from the
waste transport from the PPI plant to the waste manager (30 km), from the electricity in the
drying equipment and in the scalping screen plant and the diesel used in the packaging
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operation of the final product (loader and telescopic handler). Grits pretreatment has the
same operations as dregs, except for the scalping screen process.

Table 9. Environmental impacts for landfill plus bituminous mixture and total impacts of the reference
(linear model) for asphalt pavement.

Category Unit Landfill
Bituminous

Mixture
(Reference)

Asphalt
Pavement

Total Impacts
of Linear

Model

GWP kg CO2 eq 5.53 × 10−2 4.39 8.16 × 10−1 5.26
ODP kg CFC−11 eq 9.07 × 10−9 4.23 × 10−6 1.54 × 10−7 4.39 × 10−6

AP kg SO2 eq 4.02 × 10−4 3.63 × 10−2 6.36 × 10−3 4.31 × 10−2

EP kg PO4 eq 1.39 5.79 × 10−3 1.41 × 10−3 1.40
POFP kg NMVOC 6.87 × 10−4 3.49 × 10−2 1.18 × 10−2 4.74 × 10−2

ADP kg Sb eq 1.38 × 10−9 3.30 × 10−7 2.52 × 10−8 3.57 × 10−7

ADP (fossil
fuels) MJ 7.63 × 10−1 3.35 × 102 1.20 × 101 3.48 × 102

WU m3 2.59 × 10−3 2.31 4.82 × 10−2 2.36
CED MJ 8.20 × 10−1 3.66 × 102 1.28 × 101 3.80 × 102

Table 10. Environmental impacts for dregs pretreatment in the waste manager.

Category Unit
Dregs

Transport
(34 km)

Solar Oven
Scalping
Screen
Plant

Loader Telescopic
Handler

GWP kg CO2 eq 1.62 × 10−2 4.52 × 10−4 2.51 × 10−2 4.55 × 10−2 3.59 × 10−2

ODP kg CFC−11 eq 2.98 × 10−9 1.50 × 10−11 8.32 × 10−10 8.58 × 10−9 6.76 × 10−9

AP kg SO2 eq 5.53 × 10−5 3.48 × 10−6 1.93 × 10−4 3.55 × 10−4 2.80 × 10−4

EP kg PO4 eq 1.07 × 10−5 5.92 × 10−7 3.29 × 10−5 7.85 × 10−5 6.18 × 10−5

POFP kg NMVOC 7.58 × 10−5 1.35 × 10−6 7.50 × 10−5 6.59 × 10−4 5.19 × 10−4

ADP kg Sb eq 3.64 × 10−11 4.41 × 10−12 2.45 × 10−10 1.41 × 10−9 1.11 × 10−9

ADP (fossil
fuels) MJ 2.32 × 10−1 4.20 × 10−3 2.33 × 10−1 6.68 × 10−1 5.26 × 10−1

WU m3 8.39 × 10−4 2.64 × 10−4 1.47 × 10−2 2.69 × 10−3 2.12 × 10−3

CED MJ 2.47 × 10−1 8.64 × 10−3 4.80 × 10−1 7.13 × 10−1 5.62 × 10−1

Table 11 shows the grits pretreatment impacts, mainly due to transport and drying. In
addition to these impacts, the grits pretreatment operation also has impacts related to the
loader and telescopic handler (Table 10) operations like the dregs.

Table 11. Environmental impacts for grits pretreatment in the waste manager.

Category Unit Grits Transport (34 km) Solar Oven

GWP kg CO2 eq 1.36 × 10−2 1.89 × 10−4

ODP kg CFC−11 eq 2.50 × 10−9 6.27 × 10−12

AP kg SO2 eq 4.64 × 10−5 1.46 × 10−6

EP kg PO4 eq 8.96 × 10−6 2.48 × 10−7

POFP kg NMVOC 6.36 × 10−5 5.66 × 10−7

ADP kg Sb eq 3.05 × 10−11 1.85 × 10−12

ADP (fossil fuels) MJ 1.94 × 10−1 1.76 × 10−3

WU m3 7.04 × 10−4 1.11 × 10−4

CED MJ 2.07 × 10−1 3.62 × 10−3

The main divergence between dregs and grits (Tables 10 and 11) results from the
difference in moisture content between those wastes, which is higher in dregs. Therefore,
transporting dregs to the waste manager consumes more fuel for the same amount of waste
(on a dry basis). The drying period of dregs is also longer than the grits and, consequently,
consumes more electricity.
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After the pretreatment, dregs and grits are transported from the waste manager to the
bituminous mixture plant (30 km) which generates more impacts (Table 12), along with the
natural aggregates impacts in the production of bituminous mixtures with and without
dregs and grits replacing the crushed limestone. In the circular model, the impacts of
bitumen and fuel use (Table 7) as well as the equipment used in the paving work (Table 8)
have the same impacts of the linear model. In the filler case, there is also a contribution
of 38% to the water use impact, due to water consumption in crushing and screening
operation in its production phase, as also observed by other authors [56,57].

Table 12. Environmental impacts for aggregates in dregs and grits bituminous mixture formulations.

Category Unit

Transport
from WM to

Central
(30 km)

Natural
Filler

Coarse
Aggregate
(6/14 mm)

Crushed
Limestone
(0/4 mm)

Crushed
Granite

(0/5 mm)

GWP kg CO2 eq 1.00 × 10−2 9.04 × 10−1 3.84 × 10−1 5.57 × 10−2 7.03 × 10−2

ODP kg CFC−11 eq 1.84 × 10−9 9.84 × 10−8 4.19 × 10−8 7.97 × 10−9 7.66 × 10−9

AP kg SO2 eq 3.42 × 10−5 5.01 × 10−3 2.13 × 10−3 8.05 × 10−4 3.90 × 10−4

EP kg PO4 eq 6.60 × 10−6 1.32 × 10−3 5.64 × 10−4 1.94 × 10−4 1.03 × 10−4

POFP kg NMVOC 4.68 × 10−5 4.98 × 10−3 2.12 × 10−3 1.25 × 10−3 3.88 × 10−4

ADP kg Sb eq 2.25 × 10−11 9.30 × 10−8 3.96 × 10−8 6.05 × 10−9 7.23 × 10−9

ADP (fossil
fuels) MJ 1.43 × 10−1 1.10 × 101 4.68 7.09 × 10−1 8.55 × 10−1

WU m3 5.18 × 10−4 8.92 × 10−1 3.80 × 10−1 7.56 × 10−2 6.94 × 10−2

CED MJ 1.53 × 10−1 1.33 × 101 5.65 8.00 × 10−1 1.03

Although it represents a small percentage of waste incorporation (4%) replacing
limestone, differences appear in the impact of limestone powder and its transport, meaning
that the incorporation and transport of waste still allows a reduction in the impacts in all
categories, varying between 18% and 93%, compared to the linear solution of limestone and
its transport, respectively. This reduction in transport impacts is due to the reduction in the
transport distance between the limestone powder and waste cases (78 km down to 30 km).
However, if we consider just the pretreatment stage of wastes in the circular solution
(Tables 10 and 11), it produces more impacts than just sending them to landfill (linear
solution) (Table 5), except in the eutrophication category. The variation in the remaining
categories is higher than the linear case by about 48% to 87% and 41% to 54% for dregs
and grits, respectively. This difference in variation is explained by the consumption of
resources in drying the dregs to eliminate initial moisture (50% for dregs and 16% for grits).
Furthermore, it is necessary to use sieving to produce an aggregate like the traditional
raw material.

Tables 13 and 14 show the impacts associated with pretreatment, as well as the im-
pacts of the production and application of the bituminous mixture with dregs and grits,
respectively. The difference in impacts of the linear and circular solution of the top road
layer is achieved by the partial elimination of impacts associated with the use of limestone,
since the impact with the alternative raw material transport (dregs and grits) relative to
limestone balances the impacts produced in the waste pretreatment stage.

Adopting the circular model with this overall balance allows for a reduction of between
0.1 and 2% of impacts compared to the linear solution (Tables 13 and 14 and Figure 5),
except in the eutrophication (EP) category, where the reduction is much higher (about
99.5%), mainly due to the elimination of waste disposal to landfill (Table 5).

Figure 5 shows, in an integrated way, the comparative results of the linear model and
the circular model. The impact reduction in the circular model is not greater, because the
rate of partial incorporation of the dregs and grits as fine aggregate was intentionally quite
low (4%) to keep the top layer’s overall performance and to locally eliminate these wastes.
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Table 13. Environmental impacts for dregs pretreatment plus dregs bituminous mixing and total
impacts of circular model for asphalt pavement.

Category Unit Dregs Pre-
treatment

Bituminous
Mixture
(Dregs)

Asphalt
Pavement

Total
Impacts of

Linear
Model

Impact
Reduction

with Circular
Model

GWP kg CO2 eq 1.23 × 10−1 4.24 8.16 × 10−1 5.18 1.5%
ODP kg CFC−11 eq 1.92 × 10−8 4.20 × 10−6 1.54 × 10−7 4.37 × 10−6 0.4%
AP kg SO2 eq 8.87 × 10−4 3.57 × 10−2 6.36 × 10−3 4.29 × 10−2 0.3%
EP kg PO4 eq 1.84 × 10−4 5.66 × 10−3 1.41 × 10−3 7.25 × 10−3 99.5%

POFP kg NMVOC 1.33 × 10−3 3.40 × 10−2 1.18 × 10−2 4.71 × 10−2 0.5%
ADP kg Sb eq 2.80 × 10−9 3.29 × 10−7 2.52 × 10−8 3.57 × 10−7 0.1%

ADP (fossil
fuels) MJ 1.66 3.33 × 102 1.20 × 101 3.46 × 102 0.3%

WU m3 2.06 × 10−2 2.28 4.82 × 10−2 2.35 0.2%
CED MJ 2.01 3.64 × 102 1.28 × 101 3.79 × 102 0.3%

Table 14. Environmental impacts for grits pretreatment plus grits bituminous mixing and total
impacts of circular model for asphalt pavement.

Category Unit Grits Pre-
treatment

Bituminous
Mixture
(Grits)

Asphalt
Pavement

Total
Impacts of

Linear
Model

Impact
Reduction

with Circular
Model

GWP kg CO2 eq 9.52 × 10−2 4.24 8.16 × 10−1 5.15 2.0%
ODP kg CFC−11 eq 1.78 × 10−8 4.20 × 10−6 1.54 × 10−7 4.37 × 10−6 0.4%
AP kg SO2 eq 6.83 × 10−4 3.57 × 10−2 6.36 × 10−3 4.27 × 10−2 0.8%
EP kg PO4 eq 1.50 × 10−4 5.66 × 10−3 1.41 × 10−3 7.21 × 10−3 99.5%

POFP kg NMVOC 1.24 × 10−3 3.40 × 10−2 1.18 × 10−2 4.70 × 10−2 0.7%
ADP kg Sb eq 2.55 × 10−9 3.29 × 10−7 2.52 × 10−8 3.56 × 10−7 0.1%

ADP (fossil
fuels) MJ 1.39 3.33 × 102 1.20 × 101 3.46 × 102 0.4%

WU m3 5.62 × 10−3 2.28 × 10 4.82 × 10−2 2.34 0.9%
CED MJ 1.49 3.64 × 102 1.28 × 101 3.78 × 102 0.4%
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Figure 5. Environmental improvements achieved by the circular model.

Even with the waste being subjected to pretreatment operations (transport, drying,
sieving), the impacts show a clear tendency to decrease in all parameters. Bitumen impacts
are of course still high compared to other raw materials (crushed stone, limestone, granite,
and filler). The use of other wastes as alternative raw materials for other components
should be explored to further minimize overall impacts without degrading performance
characteristics.
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5.2. Cost Assessment

Figure 6 shows the operating costs of the linear and circular model. The use of dregs
and grits in the production of the asphalt mix generates savings (EUR 0.06), due to the
partial elimination of the cost of acquiring the natural limestone (0/4 mm) by the asphalt
mix producer. Dregs pretreatment in the waste manager facility generates a saving of
EUR 0.28 compared to the disposal of the dregs in the landfill, while the transformation of
grits in the waste manager generates savings of EUR 0.36 compared to their landfill. Thus,
operations (transport, drying, and sieving) that exist between the waste producer and the
alternative raw material recipient (bituminous mixture producer) do not produce more
costs than the disposal of the waste in landfill.
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The circular model operations of dregs and grits as an alternative raw material generate
savings of 3% and 4%, respectively, compared to the linear model operations because dregs
and grits are cost-free for the bituminous mix industry and this partially saves on the cost
of purchasing the fine aggregate; in addition, the waste producer saves on the disposal
costs of landfilling waste.

The costs of the linear and circular model (Figure 6) come from materials, transport,
investment in equipment, rental of equipment, manpower, and energy, as shown in Figure 7.
The linear and circular models have no costs arising from waste treatment, external costs,
and investment in equipment. However, the value of transport and rental equipment for
circular solutions is EUR 0.07 for both wastes and EUR 0.13 (for dregs) and EUR 0.09 (for
grits), respectively, compared to the linear transport solution (EUR 0.32) and of the rental
equipment (EUR 4.24).

The value of manpower for grits is the same for the linear and circular model (EUR 1.65),
while for dregs it is more expensive (plus EUR 0.02) when compared to the linear solution.
This increase with dregs results from the material sieving operation, since the grits do not
need this operation. Furthermore, the labor required in the circular grits’ solution is the
same as in the linear solution.

On the other hand, circular solutions generate savings in materials (EUR 0.48 for dregs
and EUR 0.49 for grits) compared to the linear solution, because wastes are cost-free for the
producer in the bituminous industry and so they partially save on the cost acquisition of
limestone. Also, there are energy savings in the circular solution (EUR 0.06 for dregs and
EUR 0.08 for grits), compared to the linear one (EUR 0.87), because transporting dregs and
grits consumes less energy than limestone. Also, the distance for transporting wastes from
the circular solution (from waste producer to the bituminous mix central) is reduced by
14 km compared to the linear solution for transporting limestone.
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5.3. Social Assessment

The categories of social impacts considered in the linear and circular model were
related to consumers, local communities, society, value chain actors, and workers, and
these categories result from the aggregation of several subcategories. Table 15 shows the
stakeholder category and associated subcategories.

Table 15. Stakeholder category and associated subcategories for linear and circular model.

Stakeholder Category Subcategories

Consumers Transparency

Local communities

Access to material resources

Local employment

Migration

Respect of indigenous rights

Safe and healthy living conditions

Society
Contribution to economic development

Health and safety (society)

Value chain actors

Corruption

Fair competition

Promoting social responsibility

Workers

Child labor

Discrimination

Fair salary

Forced labor

Health and safety (workers)

Social benefits, legal issues

Working time

The social impacts of the linear model result from the process of production and
application of the bituminous mixture with natural aggregates and from the transport of
dregs and grits to the landfill and from the deposition operation. The social impact of the
circular model of dregs and grits includes two transports (from the producer to the waste
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manager and the waste transport from the waste manager to the bituminous mixture plant),
as well as the operations of transforming wastes into alternative raw materials and the
process of production and application of the bituminous mixture with residues. Table 16
shows the results of the social impacts of the linear and circular model on the production
and application of the bituminous mixture.

Table 16. Social life cycle performance for linear and circular asphalt pavement.

Category Linear Bituminous
Mixture

Circular Bituminous
Mixture (Dregs)

Circular Bituminous
Mixture (Grits)

Consumers 0.014 0.007 0.006
Local communities 63.702 62.394 59.276

Society 0.365 −0.110 −0.086
Value chain actors 38.032 19.294 19.176

Workers 59.954 32.933 32.031

According to the results of Table 16 and Figure 8, the circular model with dregs
presents a reduction of 52%, 2%, 130%, 49%, and 45% in the category of consumers, local
communities, society, value chain, and workers, respectively, relative to the linear model
of production and application of the bituminous mixture, including the waste disposal
in landfill.
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Using grits as an alternative aggregate in the production and application of the bi-
tuminous mixture (circular model) led to a reduction of 55%, 7%, 123%, 50%, and 47% in
consumers, local communities, society, value chain, and workers, respectively, compared to
the linear solution.

The social impacts of Table 16 result mainly from the asphalt pavement and bituminous
mixture related actions. Social impacts of the transformation (transport and treatment)
of dregs and grits into an alternative raw material are greater than the social impacts of
the disposal of waste in landfills (linear model), due to the increase in labor and in waste
drying time. However, on the other hand, the social impacts of the asphalt pavement and
bituminous mixtures of the circular model (with dregs and grits) are reduced compared to
the linear model, due to the partial replacement of limestone aggregate and the reduction
in costs (energy and labor) associated with the transport of the limestone.

6. Conclusions

A real-scale case study involving partial replacement of 4% of the limestone aggregate
by two wastes from the pulp and paper industry (dregs and grits) in a bituminous mixture
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(AC14 surface type) for the top layer road pavement was made and used to evaluate the
different dimensions of life cycle sustainability in a circular economy model approach. The
main conclusions are the following:

• The incorporation of dregs and grits as alternative raw material in the production of a
bituminous mixture does not affect its technical performance as a top layer pavement,
keeping the expected values in the standards for an AC14 surface type road pavement.

• These solutions avoid landfilling these wastes with savings for the paper and pulp
industry and, at the same time, promote the saving of natural resources in the con-
struction sector.

• In terms of sustainability and its economic, social, and environmental dimensions, the
circular case solution reduces impacts compared to the linear solution, even with a
low level of replacement of limestone aggregate (<4%). For instance, more than 100%
reduction in society-related impacts were assessed with this simple replacement.

• The development of the circular model in this way guarantees the local consumption
of dregs and grits, which also prevents increasing the transport distance of wastes as
alternative raw material that could negatively impact the environmental parameters.
In this solution, it was possible to guarantee waste consumption below a 30 km radius
of its generation facilities.
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