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Abstract: In continental countries, building materials are often moved over long distances from
factories to building sites. This is especially important when quality and performance certification
systems are required for the building materials’ acquisition. In this scenario, the transportation
phase tends to have a great contribution to building materials’ environmental impacts. Taking
into consideration that countries such as China, India, and Brazil, i.e., continental countries, are
expecting the largest future housing demand, the issue of transportation will have a crucial role in
environmental impacts. Through a Brazilian case study, the present work investigates the potential
environmental impacts of structural masonry made of concrete and ceramic blocks certified by
the Brazilian Quality Program. A cradle-to-site Life-Cycle Assessment (LCA) is carried out while
considering a country-level approach using data from the literature and Ecoinvent. The results show
that ceramic blocks are preferable for most states and scenarios. Human Health and Ecosystem
Quality are the two categories most affected by transportation, and they can reach more than 96% and
99%, respectively. The efficiency of the building material transportation system plays an important
role in reducing greenhouse gas emissions. A shift in building components from concrete to ceramic
blocks has the potential to mitigate between 154 and 229 Mt CO2-eq between 2020 and 2050. The
methodological approach used in this work can be applied to other building materials and other
countries, especially those of continental dimensions that are expected to have a significant future
housing demand.
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1. Introduction
1.1. Contextualization: Housing Landscape in Brazil

The environmental impacts of the construction sector have been a subject of extensive
discussions on a global level. Currently, the quest for environmental sustainability has
become the target of many building projects, including the United Nations (UN) Sustainable
Development Goals (SDGs), which strive to provide sustainable, dignified, and resilient
housing for all [1]. The demand for construction is mainly concentrated in emerging
economies, such as those in Asia, Africa, and South America, including Brazil [2].

This construction demand will result in increasing consumption of raw materials
and in environmental impacts, which need to be quantified. One way to measure the
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environmental sustainability of buildings and their components is through a Life-Cycle
Assessment (LCA), which evaluates all of the resources’ inputs, including energy, water, and
material consumption, together with environmental loadings, including CO2-eq emissions
and the liquid and solid wastes of products and processes [3].

Unlike in small-to-midsize countries, Brazil’s road transportation distances are large,
and the influence of the transportation stage may be significant in terms of environmental
impacts. Moreover, Brazil, as a developing economy, risks negatively influencing the
impact of the building sector in the upcoming years. Currently, there is a housing deficit
in Brazil, and to overcome this problem, previous Brazilian governments initiated a large
social housing program named “My house, my life” [4]. According Pinheiro [5], in 2014,
there was a Brazilian housing shortage of an estimated 6 million units. Brazil adopted an
important constructive system of building social dwellings of structural masonry, which
is normally composed of concrete or ceramic blocks, depending on local availability and
material costs.

In Rio de Janeiro, among other states, it is estimated that at least 50% of social housing
is built of structural masonry using ceramic or concrete blocks [6], and this percentage is
expected to increase shortly due to the quality improvements in blocks and skilled labor.
Paulsen and Sposto [4] evaluated Brazilian social housing buildings’ structural systems
that were made with ceramic blocks and concluded that they presented a percentage in
mass equal to 63% of that of the whole house. Therefore, the significance of walls in the
total mass of a house is high, especially when used as a structural system.

To improve the quality of the building sector, the Brazilian government developed
the Qualification System of Materials, Components, and Constructive Systems (SiMaC),
which has been implemented within the Brazilian Program of Productivity and Habitat
Quality (PBQP-H). Brazilian Quality Programs (Programas Setoriais da Qualidade (PSQ))
were created for each building material (e.g., ceramic blocks, concrete blocks, steel profiles,
cement binders, etc.). Every building material manufacturer can apply the PSQ, but the
fulfillment of the quality standards and rules is required to be classified and to receive the
label. All PSQ-classified manufacturers are listed in an open-access database [7]. This action
aims to create a competitive isonomy and an environment with technical compliance, which
enables quality and technological evolution, increases productivity, and reduces costs.

In structural masonry, since the walls and, consequently, the blocks are responsible
for building stability and structural safety, it is highly recommended that builders buy
their blocks from companies certified in PSQ. Unfortunately, the current number of PSQ-
classified manufacturing companies is still relatively low, and their distribution in the
country is not homogeneous. Thus, the impact of material transportation from manufac-
turing to construction sites may be very significant. It is important to highlight that Brazil
has an extensive territory with different levels of technological development among its
five regions (Northern, Northeastern, Central-western, Southeastern, and Southern), which
results in high variability in materials’ availability and quality in these regions.

1.2. Construction Sector and Life Cycle Assessment (LCA)

Recently, the number of international studies related to LCA in the construction
sector has increased enormously [8,9]. Some of them applied LCA for very diverse build-
ing materials and components, such as cement [10], bamboo [11], conventional building
materials [12], wood products [13,14], other bio-based materials, earth materials [15],
concrete [16–18], and recycled materials [19–21]. In terms of recycled materials, special
attention is given to studying recycled aggregates, some of them using LCA and Life-
Cycle Costs (LCC); for example, the Sustainable Aggregates Resource Management project
(SARMa) [22]. The interest in a circular economy process tends to demand more studies
concerned about transportation, since local waste, in some cases, will be transported over
great distances, resulting in higher costs and GHG emissions [23]. Other researchers stud-
ied LCAs when applied to walls and buildings [24–28]. However, most LCA studies of
buildings process transportation in a very specific manner (e.g., considering just one fixed



World 2021, 2 484

distance), and frequently, this phase is not even considered, claiming it to be insignificant
when related to the environmental impacts of the entire life cycle. Some studies, e.g., that
of Göswein et al. [29], proposed a combination of LCA with geospatial analysis by using a
Geographical Information System (GIS) to assess the transportation-related impacts of raw
materials for concrete production.

Some researchers compared the environmental impacts of concrete and ceramic blocks
by using LCA methods. Condeixa et al. [30] and Souza et al. [31] applied LCAs to compare
the environmental impacts of ceramic and concrete roofing tiles in the Brazilian context.
They concluded that ceramic tiles have less of an impact on most of the impact categories,
including non-renewable energy and global warming. Souza et al. [32] also studied the
Brazilian context and, particularly, building materials for wall systems. They compared
ceramic and concrete alternatives, and according to their results, a better environmental per-
formance of ceramic block walls can be expected, especially due to the wood chips used in
the firing process, while concrete blocks use a large amount of Portland cement. Contrarily,
Bueno et al. [33] found better values for the environmental impacts of concrete blocks when
compared to ceramic blocks. However, general data were used for inventory analyses.

In all of these studies, the quality of production (in terms of PSQs) and transportation
stage from the factory to the construction site were not accounted for, especially while
considering a country-level approach through which the distribution of factories in Brazil
could be analyzed. At first, one type of block can seem more advantageous in terms of
environmental impacts. However, longer transportation distances can change the results
completely, especially in countries with continental dimensions, as in the case of Brazil,
as well as when quality aspects are considered. In summary, the evaluation of the quality
aspect and the transportation can have a very important influence on decision making.

Although several comparative studies have already been carried out, the literature
offers a limited amount of data on the influence of transporting both block types in dif-
ferent Brazilian regions. Caldas and Sposto [34] are some of the few who evaluated the
CO2-eq emissions during this stage. However, they did not evaluate how the efficiency of
transportation can influence the results. In comparison with international studies, there is
also a lack of LCA studies that focus on the transportation phase.

An important justification for a stronger focus on material transportation is the trend of
future energy efficiency requirements, which will contribute to a significant decrease in the
operational energy consumption of buildings [35]. According to Weißenberger et al. [36],
the European Union guidelines (2010/31/EU) imposed a nearly zero-energy building
(NZEB) standard for new buildings by 2020. In this sense, future building projects, includ-
ing those in developing countries, such as Brazil, will be highly influenced by the material
selection, which threatens to shift the impacts from operational energy to manufacturing
and construction, including transportation.

1.3. Research Questions and Objectives of the Study

This work raises the following research questions: (1) Which type of block has fewer
environmental impacts when a country-level evaluation is considered? (2) What is the
environmental impact contribution of factory-to-site transportation? (3) How are the envi-
ronmental impacts and the distribution of factories related to the future housing deficit?

Based on the previous research questions, our study has three main objectives:
(1) comparison between cradle-to-site impacts of concrete and ceramic blocks; (2) evalua-
tion of the transportation stage’s contribution in relation to total impacts; (3) evaluation of
the reduction of climate change potential related with the housing deficit. The research
scope is restricted to the blocks’ production and transportation from different kinds of
factories (according to PSQs) to construction sites.

The main contribution of our research is to call attention to cases where quality
affects the choice of manufacturer, and consequently, the transportation from factory to
site can have a great influence on the environmental impacts, especially in countries with
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continental dimensions, such as Brazil. Finally, these data can be combined with the
country’s housing deficit data.

We also considered different sensitivity analysis aspects (block production, transporta-
tion efficiency, and vehicle emission standards). The method employed in this study and
the data found here can be applied to other continental countries that have a large housing
deficit and may serve as guidelines for public policies related to the environmental impact
of transportation in the building sector. To our knowledge, this is the first study to focus
on these issues.

2. Methodological Overview

The materials and methods are divided into the following steps: (1) block specification,
factory, and site locations; (2) Life-Cycle Assessment (LCA); (3) Brazilian housing deficit
and reduction of climate change potential.

2.1. Block Specification, Factory, and Site Locations

Brazilian concrete and ceramic structural blocks were chosen according to the specifi-
cations shown in Figure 1 and Table 1, since both have the same dimensions and structural
functions. Although they have differences in terms of thermal, acoustic, and other proper-
ties, their comparison is valid on the level of a building system (e.g., wall element). Since
a wall is composed of other materials, such as steel reinforcements, mortar coverings,
paint, etc., the blocks tend to have similar performance and service life, and the comparison
between them is justified. Although the materials are different in terms of their physical,
mechanical, thermal, and other properties, they can be compared, since they are competi-
tive technologies in the Brazilian market. They have equal dimensions and are used for the
same applications. Souza et al. [32], Bueno et al. [33], and Caldas et al. [37] have already
compared these elements using LCAs.
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Figure 1. (a) Structural concrete block. (b) Structural ceramic block.

Table 1. Properties and data of the products.

Material Properties Concrete Block Ceramic Block

Dimensions (cm) 14 × 19 × 39 14 × 19 × 39
Blocks/m2 12.5 [38] 12.5 [38]
kg/block 11.8 [38] 6.9 [38]

Waste generated in construction 1 3% [38] 5% [38]
1 This is considered as an increase in material consumption in the production phase of both blocks.
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We selected factories that were classified in the PSQ and defined the site locations
in a central area of each chosen city. Data from the factories were listed in an electronic
report [7], and the distances were measured by using Google Maps [39]. We adopted the
shortest distances between the factories and the site locations. The values are presented in
the Supplementary Material (Figure S1).

The chosen cities were the 26 Brazilian state capitals, divided by region (Figure 2):

• Northern region: Rio Branco—AC, Manaus—AM, Belém—PA, Porto Velho—RO,
Boa Vista—RR;

• Northeastern region: Maceió—AL, Salvador—BA, Fortaleza—CE, São Luis—MA,
João Pessoa—PB, Recife—PE; Teresina—PI, Natal—RN, Aracaju—SE;

• Central-western region: Brasília—DF, Goiânia—GO, Cuiabá—MT, Campo Grande MS;
• Southeastern region: Vitória—ES, Belo Horizonte—BH, São Paulo—SP, Rio de

Janeiro—RJ;
• Southern region: Curitiba—PR, Porto Alegre—RS, Florianópolis—SC.
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2.2. Life-Cycle Assessment (LCA)
2.2.1. Objective and Scope of the LCA and Functional Unit

The objective of this LCA study was to compare the potential environmental impacts
of concrete and ceramic blocks while assuming a country-level approach. In this study, as a
structural unit, we adopted one square meter (1 m2) of the built wall and the classification of
block factories in their respective PSQs. The joint and mortar coatings were not considered
because the two material systems have the same mortar consumption.

The LCA scope adopted in this study was cradle to site. According to EN 15978 [40],
we considered the extraction and processing of raw materials (A1), transportation (A2) and
manufacturing of the building materials (A3), and the transportation from factories to the
site location (A4).
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We considered this scope because one of the main objectives of this research was to
evaluate the influence of the A4 stage. The other stages, including wall construction (A5),
use (B1–B5), and end of life (C1–C4), were not considered because the two blocks and
walls tend to have very similar construction processes, characteristics, and performance (in
terms of service life and durability) in use. Normally, during the walls’ life cycle, the main
structure (e.g., blocks or bricks) is not replaced—just the outer layers, such as coatings and
finishing, are replaced [37]. Then, it makes no sense to consider this stage. In terms of the
end-of-life stage, the waste generated when these walls are demolished can be classified as
inorganic material and should be destined for inert landfills or recycling plants. In addition,
the end-of-life stage of inorganic building materials normally has negligible impacts (below
5%) when compared to other life-cycle stages [41,42].

2.2.2. Life Cycle Inventory (LCI)

For the block production, in the A1–A3 stages, data from Souza et al. [32] were used.
These researchers quantified the environmental impacts of ceramic and concrete blocks in
the Brazilian context. For the ceramic block production, the following stages were consid-
ered: clay extraction, preparation of dough, forming operations, drying, firing (using wood
chips as fuel), and packing. For the concrete blocks, the following stages were considered:
raw material extraction (cement, aggregates, and water), mixing, shaping, curing, and
packing. Electricity and diesel are used as fuels in both blocks’ production processes.

In Brazil, according to the Brazilian Ministry of Mines and Energy [43], the ceramic
sector consumes natural gas in the ceramic blocks’ firing stage. Therefore, it is important
to evaluate how the environmental impacts of the production process of ceramic blocks
are affected when natural gas is used (called Ceramic—Natural Gas here) instead of wood
chips (called Ceramic—Wood Chips here).

The modal road division was adopted for the transportation stage (A4). As road
transportation of building materials in Brazil is mostly done by diesel trucks, our focus
was on diesel fuel, as stated by Morales et al. [28] and Souza et al. [32].

According to Souza et al. [32], the ceramic blocks’ transportation load is around
14 t/load. We considered trucks with 10 to 20 t, EURO 3, from the Ecoinvent v.3.3 database.
EURO 3 refers to the European Emission Standard for vehicles produced in 2000. In Brazil,
trucks used for transportation of building materials, such as blocks, are mostly old. There-
fore, the adoption of EURO 3 vehicles is a reasonable assumption.

Since this study focused on the transportation phase, a sensitivity analysis on this
stage was carried out. The return of trucks, empty or loaded, and the change to the EURO
5 emission standard were considered. The following scenarios were evaluated by using the
Ecoinvent v.3.3 database:

• Loaded 100%: 1 tkm Transport, truck 10–20 t, EURO3, 100%LF, default/GLO mass;
• Loaded 50% with empty return: 1 tkm Transport, truck 10–20 t, EURO3, 50%LF, empty

return/GLO;
• Loaded 100%: 1 tkm Transport, truck 10–20 t, EURO5, 100%LF, default/GLO mass;
• Loaded 50% with empty return: 1 tkm Transport, truck 10–20 t, EURO5, 50%LF, empty

return/GLO.

The final results (the impacts considering the production and transportation phases)
were calculated as averages and errors in terms of the standard deviation for each location,
which is the same approach adopted by Caldas et al. [23].

2.2.3. Life Cycle Impact Assessment (LCIA)

The LCIA method IMPACT 2002+ (version 2.12) was used in this research. The
datasets and sources are detailed and presented in the Supplementary Material (Table S1).

This method was chosen to reduce the number of impact categories to be evaluated in
the study and to facilitate the interpretation of the results. In addition, it was used based on
other studies that evaluated the environmental impacts of materials and buildings in the
Brazilian context, such as those of Souza et al. [31], Souza et al. [32], and Caldas et al. [44],
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which facilitated future comparisons. The impacts are presented in four damage categories:
(1) Climate Change (expressed in kg CO2-eq); (2) Human Health (in DALY); (3) Ecosystem
Quality (in PDF.m2. year); (4) Resources Depletion (in MJ Primary).

2.3. Brazilian Housing Deficit and Reduction of Climate Change Potential

Data from Brazilian Ministry of Cities [45] were used to account for the reduction of
climate change emission potential due to the choice of different wall alternatives concerning
each Brazilian state and the housing deficit in each state. According to this study, data on
the housing deficit were shared for each Brazilian state, and each one had different values
and different growth rates.

We employed the econometric probit logistic regression model. The fraction of houses
in the housing stock was influenced by variables such as availability of urban space, housing
size, household income, the apartment’s relative price, geographic location, etc. [45]. The
database consisted of 297 pieces of information from 27 units of the Brazilian Federation
over 11 years, beginning in 2004. The following variables were used to estimate the model:
percentage of apartments in the housing stock, urban population density, household size,
rent, and relative price. Only three of the 84 coefficients found were not significantly
different from zero at the significance level of 5%. The detailed modeling can be accessed
at the Brazilian Ministry of Cities [45].

In combination with the climate change values for each state, a more realistic scenario
could be recreated. We chose climate change, as it is a global impact indicator and it is
related to the fact that Brazil is part of the Paris Agreement and made a public Nationally
Determined Contribution (NDC) in 2016.

Considering the number of dwellings that need to be built to meet the housing deficit,
CO2-eq emissions were calculated by examining the construction of three standard projects
of one, two, and three bedrooms. The chosen projects were typical popular Brazilian
building projects that were defined by national standards [46,47] and were similar to the
projects used by Condeixa et al. [30] with one bedroom and 98.9 m2 of wall/unit (39.6 m2

of built area), two bedrooms and 154.9 m2 of wall/unit (61.9 m2 of built area), or three
bedrooms of 266.1 m2 of wall/unit (106.4 m2 of built area).

The total CO2-eq emissions due to the housing deficit reduction were calculated for
each state according to Equation (1). They were summed up to have the total CO2-eq
emissions for Brazil in order to evaluate the best and worst transportation scenarios. The
same equation was used to calculate the other environmental damages investigated.

TCO2E =
∑t

i=2020 CO2E x N(ti)× Ewa(ti)
109 (1)

where: TCO2E—total CO2-eq emissions due to the housing deficit reduction (MtCO2-eq);
t—year 2050; i—year 2020; CO2E—CO2-eq emissions of the constructive solution (ceramic
or concrete blocks) (kgCO2-eq /m2); N(ti)—total number of new units per state per year i
(unit/year); Ewa—equivalent wall area per housing unit per year i (m2/unit).

Details on the data and calculation model used in this study can be found in the
Supplementary Material (Table S2).

3. Results
3.1. Concrete Blocks vs. Ceramic Blocks: Evaluation of Cradle-to-Site Impacts

The total environmental impacts for concrete and ceramic blocks are presented in
Figures 3–6.

The total environmental impacts of the ceramic block walls were lower for all of the
capitals analyzed with the different transportation datasets, which reinforced this result. For
the Climate Change impact (average values), ceramic block walls presented 6 to 101 kgCO2-
eq/m2, while concrete blocks presented 35 to 187 kgCO2-eq/m2; for the Human Health
impact (average values), ceramic block walls presented 1.4 × 10−5 to 8.4 × 10−5 DALY/m2,
while concrete blocks presented 1.7 × 10−5 to 2.1 × 10−4 DALY/m2. For the Ecosystem
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Quality impact (average values), ceramic blocks presented 2 to 100 PDF.m2.year/m2, while
concrete blocks presented 5 to 161 PDF.m2.year/m2; for Resource Depletion (average
values), ceramic block walls presented 335 to 1470 MJ/m2, while concrete blocks presented
83 to 2530 MJ/m2. This is a consequence of the lower values of the environmental impacts
of the ceramic blocks in the production stage, except for the Human Health category,
together with the lower values of the transportation impacts in most of the cases, as
ceramic blocks are roughly 50% lighter than concrete blocks. The cities located in the
Northern and Northeastern regions (in this order) presented the highest values of impacts
as a consequence of the longer transportation distances in these regions, reaching 4194 km
for RR (Northern region for ceramic blocks) and 2051 km for CE (Northeastern region for
concrete blocks), since there were no factories classified in a PSQ in the Northern region,
and some factories classified for ceramic blocks were located in the MA and CE states.
Other Brazilian studies have also demonstrated similar trends [23].
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differences between the components are not so large. The state capitals of the Southeastern
region showed the shortest distances for both materials, with distances ranging from
10 (MG for ceramic blocks) to 105 km (SC for concrete blocks). The major differences in the
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distances between the ceramic and concrete blocks were seen in the state capitals of CE, MA,
DF, ES, RS, GO, and SC. In 11 of the states, the transportation distance was longer in the
case of concrete blocks, while in the 15 remaining capitals, it was longer for ceramic blocks.
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According to the functional unit (m2), properties, and waste values adopted in this
study, the material consumption considered was 168.03 kg/m2 for the concrete block
walls and 88.84 kg/m2 for the ceramic block walls. It can be observed that concrete block
walls presented almost twice as much material consumption as the ceramic block walls.
These values influenced the environmental impacts, as higher mass values indicate higher
impacts through material transportation.

Considering the data and assumptions adopted in this study, it is possible to conclude
that the wall systems composed of ceramic blocks are more benign when compared to those
with concrete blocks in the context of national coverage and in terms of Climate Change,
Human Health, Ecosystem Quality, and Resource Depletion impacts. The emission impact
related to the transportation phase will be presented in the next section.
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The environmental impacts in the distinct Brazilian regions are visualized in Figure 7,
presenting the most and least efficient transportation scenarios. The results of the intermedi-
ate transportation scenarios are presented in the Supplementary Material (Figures S2–S5).

It can be seen that when transportation becomes less efficient (loaded with 50% and
empty return), concrete blocks become more advantageous in the Southern and Southeast-
ern regions and in the state of GO, where more concrete block factories are located.

3.2. Contribution of the Transportation Stage in Relation to Total Impacts

The contribution of the transportation phase was calculated in relation to the amount
of total environmental impacts for concrete and ceramic blocks, as shown in Figures 8–11.

There were large differences between the most and least efficient transportation
scenarios. This shows the importance of the application and analysis of different scenarios,
since the data from the literature on industrial emissions and fuel consumption present
significant variations.
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For both materials, the Northern region demonstrated the largest percentage in the
transportation stage (AC, AM, PA, RO, and RR), while the Southeastern region (ES, MG,
SP, and RJ) presented the smallest for all environmental impacts. This applied to both
types of blocks due to the difference in transportation distances between the classified
factories and the hypothetical site locations. For the concrete blocks, the cities located in
the Northeast also presented higher values for environmental impacts from transportation.
In the ceramic block case, there was a reduction in these distances because of the classified
factories located in the states of MA and CE. The concentration of concrete block factories in
the Southern and the Southeastern regions led to a decrease in the environmental impacts
for this material in the cities located in these regions. The Roraima (RR) location showed
the greatest environmental impact due to transportation, while Minas Gerais (MG) showed
the lowest. This occurred for both kinds of blocks.

It is important to highlight that, in this study, the potential feasibility of these factories
is assumed to meet the demands of all regions. The higher masses of concrete blocks
also influence the environmental impacts during transportation due to the increase in
fuel consumption.
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Figure 7. Environmental impact map—comparison between concrete and ceramic blocks. Orange = ceramic blocks are the
most advantageous; gray = concrete blocks are the most advantageous; yellow = less than 5% difference between the total
Resource Depletion impacts from ceramic and concrete blocks; 100% Default—represents that the truck is loaded with 100%
of its capacity and returns full; 50% Empty—represents that the truck is loaded with 50% of its capacity and returns empty.

However, the importance of this percentage and the range among the four environ-
mental categories draw our attention. For the Climate Change impact, the concrete blocks’
percentage reached values of up to 88%, while that of the ceramic blocks reached 97%. For
the Human Health impact, the transportation percentage reached 96% and 94% for the
concrete and ceramic blocks, respectively. For Ecosystem Quality, it reached 98% and 99%,
and for Resource Depletion, it reached 92% and 96% respectively, making this the worst
transportation scenario.

3.3. Reduction of Climate Change Potential and Housing Deficit

Figure 12 shows the amounts of CO2-eq emissions for each block type by considering
the scenarios with the most efficient transportation (100% default) and the least efficient
(50% empty). Figure 13 presents the total housing deficit for the 2020–2050 period and
the total emissions for each state. The other environmental categories are presented in the
Supplementary Material (Figures S6–S8).
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When comparing the two products, the ceramic blocks were more influenced by
transportation efficiency due to the higher percentage of transportation in the total Climate
Change impact, with the differences reaching more than 100% in 2050 (between 100%
default and 50% empty for ceramic), while for the concrete blocks, this difference would
reach around 70% in the same year (between 100% default and 50% empty for concrete).

A shift in building components from concrete to ceramic blocks has the potential to
mitigate between 154 and 229 Mt CO2-eq in 2050 (considering the entire country’s housing
deficit). A change from the least to the most efficient transportation can reduce emissions
by 57 Mt CO2-eq for ceramic blocks and 132 Mt CO2-eq for concrete blocks.
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deviation due to transportation scenarios.

It is interesting to note that transportation efficiency can play an integral role in the
mitigation of embodied CO2-eq emissions of building materials’ life cycle. So, to use
materials from certified companies in terms of quality assessments, CO2-eq emissions can
increase due to the greater transportation distances.

When the locations of housing deficits and CO2-eq emissions are analyzed, we can
observe that they are mainly concentrated in four states: SP, AM, MA, and PA. Although SP
displays the highest housing deficit by 2050, its contribution to CO2-eq emissions is close to
those of MA and PA and decreases in scenarios with lower transportation efficiency. In SP,
the differences between the two block types are not as great due to the small transportation
impact, while in MA and PA, those differences are considerable.
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Figure 10. Percentage of the transportation stage in the Ecosystem Quality impact. The error bars represent the standard
deviation due to transportation scenarios.

A sensitivity analysis was performed while examining two aspects: (1) the fuel used
during the ceramic block firing stage and (2) the emission standards of the vehicles used
for the materials’ transportation.

In Brazil, according to the Brazilian Ministry of Mines and Energy [43], the ceramic
sector utilizes natural gas for the ceramic blocks’ firing stage. Therefore, it is important to
evaluate how the environmental impacts of the production process of ceramic blocks are
affected when natural gas is used (called Ceramic—Natural Gas here) instead of wood chips
(called Ceramic—Wood Chips here). A sensitivity analysis was performed by considering
the process available in Ecoinvent v.3.3 for ceramic block production (clay brick {GLO}).
In this dataset, natural gas was used as the main fuel, and the original electricity mix was
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replaced by the Brazilian electricity mix in Ecoinvent. For the vehicle emission standard,
we changed EURO 3 to EURO 5 while considering the same scenarios.

World 2021, 2, FOR PEER REVIEW 17 
 

 
Figure 11. Percentage of the transportation stage in the Resource Depletion impact. The error bars 
represent the standard deviation due to transportation scenarios. 

There were large differences between the most and least efficient transportation 
scenarios. This shows the importance of the application and analysis of different scenarios, 
since the data from the literature on industrial emissions and fuel consumption present 
significant variations. 

For both materials, the Northern region demonstrated the largest percentage in the 
transportation stage (AC, AM, PA, RO, and RR), while the Southeastern region (ES, MG, 
SP, and RJ) presented the smallest for all environmental impacts. This applied to both 
types of blocks due to the difference in transportation distances between the classified 
factories and the hypothetical site locations. For the concrete blocks, the cities located in 
the Northeast also presented higher values for environmental impacts from 
transportation. In the ceramic block case, there was a reduction in these distances because 
of the classified factories located in the states of MA and CE. The concentration of concrete 
block factories in the Southern and the Southeastern regions led to a decrease in the 
environmental impacts for this material in the cities located in these regions. The Roraima 
(RR) location showed the greatest environmental impact due to transportation, while 
Minas Gerais (MG) showed the lowest. This occurred for both kinds of blocks. 
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Figure 14 shows the results for the assessment of multiple energy sources for the
ceramic blocks’ firing, transportation efficiency, and emission standards related to the total
housing deficit between 2020 and 2050. Detailed results are presented in the Supplementary
Material (Figure S9).
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Figure 12. CO2-eq emissions considering the housing deficit projection; 100% Default—represents
that the truck is loaded with 100% of its capacity and returns full; 50% empty—represents that the
truck is loaded with 50% of its capacity and returns empty.
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Figure 13. Percentage of the cumulative housing deficit in 2050 and CO2-eq emissions for each state
considering each block type for the different transportation options; 100% Default—represents that
the truck is loaded with 100% of its capacity and returns full; 50% empty—represents that the truck is
loaded with 50% of its capacity and returns empty.
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Figure 14. Results for the impact categories when considering the housing deficit for different
sensitivity analysis scenarios. The results were normalized with the concrete blocks—EURO 3—50%
empty scenario. (A) Climate Change; (B) Human Health; (C) Ecosystem Quality; (D) Resources
depletion; 100% Default—represents that the truck is loaded with 100% of its capacity and returns
full; 50% Empty—represents that the truck is loaded with 50% of its capacity and returns empty.

The use of natural gas instead of wood chips mainly reduced the impacts in the cases
of Climate Change and Resource Depletion. Thus, the transportation percentages for these
two categories decreased considerably (reaching 20% for some cities). However, in most
cases, concrete stayed less advantageous for all categories.

A change from EURO 3 to EURO 5 implies a decrease in some pollutants, espe-
cially emissions of nitrogen oxides (NOx), carbon monoxide (CO), and particulate mat-
ter (PM). The decrease in these emissions leads to considerable Human Health benefits
(reaching 25%). Therefore, newer vehicles with improved emission standards can be a
beneficial strategy for reducing negative health-related impacts, while the differences in
terms of load capacity and type of return (full or empty) have a positive effect on the
environmental impacts.

4. Discussion

The results show that transportation can be of considerable importance for the overall
environmental impacts of both ceramic and concrete blocks if PSQ-rated factories are
demanded in construction projects, as such factories tend to be concentrated in the more in-
dustrialized parts of the country, while the need for habitation also exists in less-developed
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parts. This opens a discussion about the environmental costs of certified construction prod-
ucts’ demand in cases where the production sites of such materials are unevenly distributed.
Such impacts could easily go unnoticed, even in projects where environmental impacts of
buildings are calculated, as the A4 phase (transportation from factories to building sites) is
not a required item according to EN 15978 [40].

However, when quality and certification schemes are required for building materials’
acquisition, they can considerably increase the life-cycle environmental impacts, especially
in continental countries, as demonstrated in this case study. Although the A4 life-cycle
phase is not mandatory, it deserves to be included, at least in such specific cases. It should
be highlighted that the use of quality-certified construction products can also be valid
from an environmental perspective for prolonging the lifetime of constructions, decreasing
maintenance, etc. Application of a more complex functional unit where such quality-related
aspects are included will generate results where these aspects are acknowledged. This
study used the case of Brazil, but the same situation could arise in other regions where
construction material quality standards are put in use.

For the concrete blocks, a significant portion of the impacts, especially those on Climate
Change and Resource Depletion, come from the consumption of fossil fuels for energy
production, which is mainly related to the clinker in cement and hydrated lime production.
Typically, the Brazilian Portland cement CPV-ARI (High Initial Resistance) is used. It is
the Brazilian cement that has the highest clinker content (reaching 90%) and the smallest
particle size [48]. On the other hand, in ceramic block production, the use of wood chips for
the firing stage has zero CO2 emissions, since they are a biogenic resource, thus resulting in
less resource depletion, as they are a renewable resource. However, the impact on Human
Health increases because of the release of particulate matter (PM2.5) due to the combustion
of wood chips [31,32].

Bueno et al. [33] also compared the production stages of Brazilian concrete and ce-
ramic blocks using the Ecoinvent 2.01 database (without adaptation to the context of
Brazil) with different LCIA methods (EDIP 1997, CML 2001, ReCiPe Midpoint, and ILCD
Midpoint—Climate Change). They found greater environmental impacts for ceramic
blocks, especially for Climate Change impact. This can mainly be explained due to the
fuels used for ceramic block production that are present in the Ecoinvent database, which
are natural gas and oil. However, if we think in the context of the Brazilian ceramic block
production, the main resource used as fuel is wood chips [49].

Finally, including the building stock and housing demand in the assessment allows
for efficient sectorial planning by identifying the relevant distribution of production sites.
Based on the present study, the states of AM, PA, and MA should receive special attention
due to the combination of rising housing demand and the lack of certified construction
material sites.

One limitation is the criteria used for choosing the transportation distances. In LCA
studies, the transportation distance criteria differ from study to study. Some authors use
the shortest distance when a generic product is evaluated [4]; other researchers use actual
distances when specific case studies are evaluated and available [50], and others prefer to
use more than one value, calculating the variation with statistical methods, e.g., standard
deviation [37,51]. On the market, the specification of a product is normally related to the
product’s cost and logistical aspects, even if the transportation distance is greater. Therefore,
we do not have a better option than the alternative that is most suitable for the objective
of this research. In this study, we adopted the shortest transportation distance between
factories and hypothetical sites.

Another limitation is the data used for the blocks’ production. The data can change
significantly depending on the process, technology, and management employed by man-
ufacturers. For example, it is possible to have differences in terms of CO2 emissions
by a factor of 3 for the same product and resistance class when different companies are
compared [48]. Then, if the impact of material production increases, the contribution of
transportation decreases. When national databases start to acquire data from different
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factories and producers instead of sectorial or generic databases, the decision-making
process will be more assertive.

Although these indicated limitations exist, they do not invalidate our findings. When
LCA and transportation data become more precise, it is possible to update the approach
used here. With the use of more sophisticated tools linked with GIS, it will be possible to
have more realistic results. Recently, a novel term appeared—the Territorial LCA—which
aims to have a more holistic evaluation of environmental impacts and land-planning
policies, mixing production–consumption patterns with territorial features. The main idea
is to use the same LCA concepts and requirements with the support of GIS tools [52].
This could be a good pathway for the study of building materials’ environmental impacts,
especially when transportation is a required stage and when the aim is to have a more
holistic and country-level approach.

5. Conclusions

This study investigated the potential environmental impacts of structural concrete
and ceramic block factories that are classified in their respective Sectorial Quality Programs
(PSQs) while considering the locations of factories and transportation distances in the
26 Brazilian state capitals. A cradle-to-site Life-Cycle Assessment (LCA) was accomplished,
with a focus on the transportation stage. Based on our research and the premises adopted
in the LCA modeling, we highlight the main findings:

• Regarding this stage and its environmental impacts, the Northern and the North-
eastern regions were the most affected, while the Southeastern region presented the
lowest values.

• When the environmental impacts from cradle to site were evaluated, we concluded
that ceramic blocks are the best option for most of the cases, especially when wood
chips are used in the firing process. Therefore, their use for the mitigation of global
warming and other environmental impacts should be encouraged.

• Another item evaluated in this research is the contribution of the transportation stage
concerning the total environmental impacts. The Northern region presented the
highest percentage (reaching 98% for the concrete block walls and 99% for the ceramic
block walls for the Ecosystem Quality impact in the least efficient scenario), while the
Southeastern region had the lowest percentage (less than 1% for both materials) for
the most efficient scenario in terms of the Climate Change impact.

• We recommend that the building LCA standards should highlight the importance of
the consideration of this phase in evaluations, especially in cases where certification
schemes are required for building materials’ acquisition.

• We also observed that the transportation efficiency of building materials is more
relevant in terms of environmental impact mitigation than emission standards.

• Considering the growth of the housing deficit by 2050, it is possible to avoid 154 to
229 Mt CO2-eq by changing from concrete to ceramic blocks and 57 to 132 Mt CO2-eq
by improving the transportation efficiency at the building-stock level.

Our research brings a valuable international contribution in terms of the method-
ological approach used, which combined quality certification schemes with the choice of
building material manufacturers, the calculation of the influence of transportation (includ-
ing efficiency aspects), and the relation with the housing deficit. The lessons are especially
valuable for continental and developing countries, particularly those that are expected to
have a significant future housing demand.

Future studies should attempt to obtain information directly from factories classified
in the PSQs to improve the quality of data, the comparison of other Brazilian building
materials or components, and the development of an integrated platform to provide
information for stakeholders.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/world2040030/s1. Figure S1: Transportation distances of concrete and ceramic blocks,
Figure S2: Climate Change impact—comparison between concrete and ceramic blocks,
Figure S3: Human Health impact—comparison between concrete and ceramic blocks,
Figure S4: Ecosystem Quality impact—comparison between concrete and ceramic blocks,
Figure S5: Resource Depletion impact—comparison between concrete and ceramic blocks,
Figure S6: Human Health impact considering the housing deficit projection, Figure S7: Ecosys-
tem Quality impact considering the housing deficit projection, Figure S8: Resource Depletion impact
considering the housing deficit projection, and Figure S9: Detailed results of all impact categories
considering the housing deficit for different sensitivity analysis scenarios. The results were normal-
ized with the concrete blocks—EURO 3—50% empty scenario. (A) Climate Change; (B) Human
Health; (C) Ecosystem Quality; (D) Resource Depletion. Table S1: Datasets used in the life-cycle GHG
emission inventory, Table S2: Input data for the housing deficit calculation.
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