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ABSTRACT

Lack of infrastructure is one of the most significant barriers to socio-economic development in Guinea-
Bissau. With only 10% of its road network paved and limited connectivity hinders access to essential
services such as healthcare and education, particularly in rural areas. Simultaneously, climate change
poses a growing threat, as a low-lying coastal country is highly vulnerable to extreme weather events,
sea-level rise, flooding, and changes in rainfall patterns, which disproportionately affect its agriculture-
dependent economy and fragile infrastructure. These climatic pressures not only threaten livelihoods in
rural communities but also accelerate the deterioration of already limited road networks, further isolating
vulnerable populations. Considering these challenges, it is imperative to design and construct resource-
efficient and eco-friendly infrastructures for Guinea-Bissau.

This study uses a Life Cycle Assessment (LCA) method to compare the environmental performance of
alternative materials in low-traffic road construction in Guinea-Bissau. Four pavement design scenarios
were created: a standard one with virgin aggregates and bitumen, and three alternatives using industrial
and agricultural waste materials, specifically steel slag, crumb rubber, palm kernel shells (PKS), and
recycled glass powder. The analysis followed EN 15804 and ISO 14040/44 standards and covered life
cycle stages A1 to A5 (cradle to practical completion), utilizing Simapro with Ecoinvent datasets.

Results show that long-distance transportation significantly adds to environmental burdens, especially
regarding global warming potential, fossil resource scarcity, and particulate matter formation. Scenario
4, which uses locally available PKS, consistently shows the lowest environmental impacts because of
reduced material density, shorter transport distances, and lower emissions during extraction. Conversely,
Scenario 3, although the materials used were recycled crumb rubber and steel slag, suffers from high
emissions due to long-haul logistics.

The results highlight the need to integrate local sourcing, lightweight materials, and circular design
principles to improve sustainability in infrastructure projects. This research provides valuable guidance
for policymakers, engineers, and development practitioners aiming to promote sustainable road
construction in resource-limited areas like Guinea-Bissau. It supports material-efficient, locally tailored
design approaches that consider environmental, economic, and logistical factors. Additionally, this study
adds to the emerging but limited literature on sustainable road construction in West Africa, offering
region-specific data and insights that can shape national development strategies in infrastructure and
sustainability.

Keywords: Life Cycle Assessment (LCA), Sustainable Road construction, Guinea-Bissau, Alternative
materials.
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RESUMO

A falta de infraestrutura é um dos obstaculos mais significativos ao desenvolvimento socioecon6mico
da Guiné-Bissau. Com apenas 10% de sua rede rodoviaria pavimentada e a limitagdo de conectividade
com servicos essenciais, como saude e educagao, principalmente nas areas rurais. Ao mesmo tempo, as
mudancas climaticas representam uma ameaga crescente, uma vez que o pais por estar situada na costa
é vulneravel a fendmenos meteorologicos extremos, como a subida do nivel do mar, a inundacdes e a
altera¢des nos padrdes de precipitacdo, que afetam desproporcionadamente a sua economia que
depende da agricultura e infraestruturas frageis. Estas pressdes climaticas ndo sé ameacam os meios de
subsisténcia nas comunidades rurais, mas também aceleram a deterioracdo das redes rodoviarias ja
limitadas, isolando ainda mais as popula¢des vulneraveis. Considerando esses desafios, é imperativo
projetar e construir infraestruturas sustentaveis e eficientes em termos de recursos para a Guiné-Bissau.

Este estudo utiliza o método de Avaliacdo do Ciclo de Vida (ACV) para comparar o desempenho
ambiental de materiais alternativos na construcao de estradas de baixo trafego na Guiné-Bissau. Quatro
cenérios foram criados: Primeiro cendrio com matérias convencionais (agregados virgens e betume), e
trés outros cenarios com materiais sustentaveis como residuos industriais e agricolas, especificamente
escoria de ago, borracha granulada, cascas de palmiste e vidro reciclado. A andlise seguiu as normas EN
15804 e ISO 14040/44 e abrangeu os estagios de ciclo de vida A1 a A5, utilizando o programa Simapro
com base de datos da Ecoinvent.

Os resultados mostram que o transporte de longa distancia aumenta significativamente os impactos
ambientais, especialmente em relacdo ao potencial de aquecimento global, a escassez de recursos
fdsseis e a formacao de material particulado. O cenério 4, que utiliza cascas de palmiste que é disponivel
localmente, apresenta consistentemente os menores impactos ambientais devido a menor densidade
do material, as distancias de transporte mais curtas e as menores emissdes durante a extragdo. Por outro
lado, o Cenério 3, embora os materiais utilizados sejam borrachos reciclada e escéria de ago, tem altas
emissdes devido a logistica de longa distancia da fonte desses matérias com o lugar da construcéo.

Os resultados destacam a necessidade de integrar fontes locais, materiais leves e principios de design
circular para melhorar a sustentabilidade em projetos de infraestrutura. Esta pesquisa fornece
orientacdes valiosas para formuladores de politicas, engenheiros e profissionais de desenvolvimento
gue buscam promover a constru¢do sustentavel de estradas em areas com recursos limitados, como a
Guiné-Bissau. Ela apoia abordagens de projeto com eficiéncia de materiais e adaptadas localmente, que
consideram fatores ambientais, econémicos e logisticos. Além disso, este estudo contribui para a
literatura emergente, porém limitada, sobre construcdo sustentavel de estradas na Africa Ocidental,
oferecendo dados e insights especificos para cada regido que podem moldar estratégias nacionais de
desenvolvimento em infraestrutura e sustentabilidade.

Palavras-chave: Avaliacdo do Ciclo de Vida (ACV); Construcao Sustentavel de Estradas; Guiné-Bissau;
Materiais Alternativos.
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INTRODUCTION

1.1. PROBLEM STATEMENT

The construction industry is one of the most concerned industries nowadays in terms of environmental
impact. It is responsible for around 35% of the world's total energy use and carbon dioxide emissions.
These emissions constitute 38% of the world's cumulative emissions [1]. A large amount of energy is
consumed during raw material extraction and transportation. According to [2], the construction industry
accounts for 23% of air pollution, 40% of drinking water contamination, and 50% of landfill waste. By
using recycled materials for construction, we can reduce raw material extraction and, at the same time,
decrease landfill waste, not only from construction industries but also from other industries.
Consequently, this helps reduce environmental impact. The selection of materials is essential for
sustainable and thoughtfully designed construction. Therefore, this dissertation aims to analyse different
sustainable materials that can replace conventional road construction materials by conducting a life cycle
assessment on a low traffic road in Guinea-Bissau.

In addition to these global concerns, lack of infrastructure is one of the biggest gaps that significantly
impede Guinea-Bissau socio-economic development. Only 10% of its road network is tarred, and there’s
no railway system [2]. This factor gives negative impact socially and economically. The physical accesses
to social services like to healthcare and education is very difficult without a proper road especially in the
rural area. Agriculture is major component of Guinea-Bissau economy, and most of the population
depend on it. The poor road condition and limited connectivity directly hampers the agricultural sector,
by restricting the efficient movement of goods from rural areas to urban commercial centres. On the
other hand, climate change poses a severe threat, already impacting vulnerable communities, those
dependent on agriculture and fisheries [3] and the already limited infrastructure system. Without
adaptation, climate change could further increase poverty.

Considering these two main challenges together, to mitigate them it is essential to devise and adopt
more efficient, inventive, and green plans. This is why it is important to focus research efforts on
developing sustainable road infrastructure in Guinea-Bissau. By conducting a life cycle assessment of
sustainable road materials, will provide a critical insight, like identifying innovative and cost-effective
solutions that can enhance road performance and many other. In this sense, improved road
infrastructure would facilitate better access to social services and increase the efficiency of agricultural
supply chains and utilizing sustainable road materials has the potential to reduce the environmental
footprint of infrastructure projects. Developing Sustainable Road infrastructure in Guinea-Bissau will
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impact positively in social and economic development while simultaneously contributing to
environmental conservation.

This dissertation can also offer evidence-based recommendations for policymakers and infrastructure
stakeholders. By providing an analysis of the life cycle performance of sustainable road materials, the
study will help guide future investments in infrastructure that are both economically viable and
environmentally friendly. Moreover, these insights also can serve as a model for other regions facing
similar challenges.

1.2. OBJECTIVES
1.2.1.  GENERAL OBJECTIVE

The general objective of this research is to evaluate the environmental performance of alternative and
potential sustainable materials that can be used in the construction of low-traffic roads in Guinea-Bissau,
using a Life Cycle Assessment (LCA) approach to assess the full life cycle of selected pavement designs
from raw material extraction to road construction, in order to identify more sustainable solutions that
are not only technically feasible but also contextually appropriate for Guinea-Bissau's geographic,
economic, and environmental conditions. The study will explore how alternative design strategies and
material choices, guided by sustainability principles, can be leveraged to improve road infrastructure
with lower environmental costs. The research applies Life Cycle Assessment (LCA) as a systematic
methodology for quantifying environmental impacts at each stage of a road's life cycle (material
extraction, manufacturing, transport, and construction), thereby enabling a comprehensive and
evidence-based comparison between different design approaches. Through this method, the study aims
to identify which combinations of design decisions and material types offer the greatest potential for
reducing environmental burdens while maintaining or enhancing functional performance.

Also, other objective is to provide a scientific basis for the adoption of environmentally sound materials,
particularly those that are local, waste-derived, or recycled, as alternatives to conventional road-building
resources. This includes exploring the potential of such strategies to deliver not only ecological benefits
but also socio-economic value, such as improved access to rural areas through more cost-efficient road
infrastructure. By generating context-specific knowledge that reflects both environmental metrics and
infrastructural realities, the study aims to provide practical insights for policymakers, engineers, planners,
and other stakeholders involved in infrastructure development. These insights can support the
formulation of strategies that are not only ecologically responsible but also economically feasible and
socially equitable.

Ultimately, the general objective of this research is to contribute to the advancement of sustainable road
infrastructure in Guinea-Bissau by demonstrating how integrated, life cycle-based decision-making can
inform better planning and design. This includes offering alternatives that reduce environmental harm,
improve resource use efficiency, and ensure that infrastructure development plays a positive role in
addressing the interlinked challenges of poverty, climate vulnerability, and underdevelopment. In doing
so, the research aligns with global sustainability goals and provides a model that may be adapted to
other regions facing similar constraints and opportunities.
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1.2.2.  SPECIFIC OBJECTIVES

To achieve this general objective, some specific objectives have to be met. These specific objectives
include:

e To identify and characterize the most commonly used conventional materials in low-traffic road
construction in Guinea-Bissau, including their environmental, economic, and logistical
implications.

e To select and evaluate alternative sustainable materials (e.g., recycled, waste-based, or locally
available materials) that have potential to replace traditional road construction inputs.

e To conduct a comprehensive Life Cycle Inventory (LCI) for selected materials and road design
scenarios, mapping all inputs and outputs from raw material extraction to construction stages
(A1-A5).

e To assess the environmental impacts of different road construction scenarios using Life Cycle
Impact Assessment (LCIA) methods.

e To compare the life cycle performance of traditional and alternative road designs, identifying
which achieve the lowest environmental impact while maintaining technical feasibility.

e To propose context-specific recommendations for material selection and road design,
considering both environmental benefits and practical feasibility in Guinea-Bissau's socio-
economic and infrastructural context.

1.3. DISSERTATION STRUCTURE

This dissertation is structured into chapters, where chapter 1 the introduction outlines the background
and motivation for the study, focusing on Guinea-Bissau's infrastructural challenges and the
environmental impact of conventional road construction. It presents the aims and objectives (both
general and specific), and the significance of the study. Chapter 2 the general background provides an
overview of road infrastructure in Guinea-Bissau, it explores the types of pavement structures used
locally and details the materials typically applied in each layer. Also, in this chapter it can be found the
general background of LCA. Chapter 3 presents the literature review on sustainable materials for road,
it explores global practices of potential sustainable materials (steel slag, crumb rubber, PKS, glass waste
and RAP), for low traffic road construction in Guinea-Bissau. The following chapter 4, it is the chapter
where the scenarios are defined and described, including the design detail. Chapter 5, Life Cycle
assessment of selected scenario, provides detailed inventory data for each road scenario and material
used. It includes quantities of materials, transport distances, and energy consumption for all life cycle
stages. In Chapter 6 results and discussion, the environmental impact results of the LCA are presented
and analysed. Graphs and tables are used to compare the performance of each scenario across the
different impact categories. It identifies the most sustainable solutions and explains trade-offs among
scenarios. The Chapter 7 conclusions, synthesize the key findings, as well as provides suggestions for
future work to further improve this study.
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GENERAL BACKGROUND

2.1. ROADS DESIGN IN GUINEA-BISSAU
2.1.1.  ROAD STATISTICS IN GUINEA-BISSAU

The International Road Federation’s World Road Statistics (WRS) indicate that globally, approximately
39% of roads are paved, leaving around 61% of the network unpaved or classified as low-level
infrastructure [4], [5]. This imbalance is even more pronounced in many African nations, where data from
the African Development Bank shows that, in Sub-Saharan Africa, paved roads typically account for only
10-15% of the total road network [5]. Consequently, an overwhelming 85-90% of roads remain unpaved,
often limiting accessibility and reducing transport efficiency. As illustrated in Figure 1, the disparity is
stark across the continent. Countries such as Guinea-Bissau, Chad, and the Central African Republic
exhibit particularly low proportions of paved roads relative to their total networks. By contrast, a few
countries, including South Africa and Morocco, show a higher share of paved roads, though unpaved
routes still dominate. This infrastructural gap has far-reaching implications for economic development,
trade, and access to essential services, particularly in rural regions where poor road conditions
exacerbate isolation and hinder socio-economic growth.
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Figure 1. Total road network (paved and unpaved) — 2018 [4]
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West Africa reflects many of the broader infrastructural deficiencies observed across the African
continent. Research by [6] indicates that in several West African nations, the proportion of paved roads
can be as low as 15-20%, leaving approximately 80-85% of the road network unpaved or classed as low-
level infrastructure. As illustrated in Figure 2, the disparity between paved and unpaved roads is
pronounced across the region, with countries such as Mali, Niger, and Guinea-Bissau showing
particularly low levels of paved infrastructure. Guinea-Bissau presents an even more critical case, with
only about 10% of its road network surfaced with bitumen, meaning that nearly 90% remains unpaved
and often in poor condition. Official statistics from Boletim Oficial N° 31 classify the country’s roads into
three categories, which are national roads, regional roads and local roads [7], totalling approximately
4,400 km. Of this, only 453 km are paved, leaving around 3,947 km unpaved and largely degraded [4].
This limited network significantly restricts mobility, impedes access to markets and services, and
exacerbates rural isolation, thereby constraining socio-economic development.

Source: © IRF World Road Statistics
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Figure 2. West Africa Road Network (by paved and unpaved) 2018 [4]

2.1.2.  ROAD TYPE IN GUINEA-BISSAU

The choice between the different type of structures usually is based on a technical, economic and
environmental study. In Guinea-Bissau the commonly used road types are flexible pavement structure,
semi-rigid and rigid pavement structure. There are two different type of flexible pavements that are used
in Guinea-Bissau, the thin bituminous pavement and the thick bituminous pavement. The thin
bituminous pavement is the most common structure in Guinea-Bissau.

Typical Asphalt Mix Design for flexible pavement contains bitumen content of approximately 5.0% by
mass of the total mix, with a variation of £0.5%, layer Thickness usually ranges from 50 mm to 140 mm
and the target air voids content is between 4-8% to ensure durability and strength. In flexible pavements,
the base layer is typically composed of untreated granular aggregates, such as natural gravel, crushed
stone, or lateritic gravel, selected and compacted to provide structural support and load distribution.[8]

The semi-rigid roadway comprises a bituminous surface layer on a base of materials treated with
hydraulic binders: Treated laterite gravel (GLc1 or GLc2), adobe-shell cement (BQc). Note that cement is
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the only hydraulic binder used in Guinea-Bissau. For the highest traffic classes, the surface layer of
asphalt is thicker than for other types of structures to delay the growth of cracks.

In rigid pavements, commonly used materials for the aggregates in concrete mix comprise cement, fine
aggregates (sand), coarse aggregates (gravel or crushed stone), and water. Rigid structure is used in the
areas that has risk of immersion and in the swamp areas. The most common concrete structure is that
used for rafts: sand + 10 cm clean concrete + 20 cm reinforced concrete slab with reinforcement 10mm.

Typical Concrete Mix Design, while specific mix proportions can vary, a general guideline for rigid
pavement concrete in Guinea-Bissau the cement content ranges from 300 to 400 kg/m?, water-cement
ratio is between 0.4 to 0.5, while for aggregates the coarse aggregates typically constituting 60-70% of
the total aggregate content [8].

2.1.3.  MATERIAL AND LAYERING

Material used in the typical structures of road in Guinea-Bissau are the following constituents:
aggregates and binders

The mineral resources available in Guinea-Bissau that are used in the road construction industry are
basalt, sandstone, limestone and gravel. Cement is the only hydraulic binders that is used and currently
there is only one cement plant in the in Guinea-Bissau. The bitumen used in Guinea-Bissau are imported
from other countries, as Guinea-Bissau doesn't have domestic production facilities for bitumen.
Penetration grade bitumen 60/70 or 80/100 is commonly used as a binder.

Raw laterite gravel (GL), litho-stabilized (GLIi), improved (GLa) or treated with cement (GLc), are used in
the base or foundation (sub-grade) layer of the road. Thicknesses of 10 to 30 cm for untreated and 15
to 30 cm for treated. Numerous projects involving untreated laterite (GL), improved laterite (GLa) or
laterite treated with a hydraulic binder (GLc) have been carried out in Guinea-Bissau. This material is
abundant in Guinea-Bissau and offers favourable properties for supporting pavement structures. It can
also be used in other layers. Improved laterites contain only a small percentage of cement (2 to 3%) so
the pavement retains its flexible behaviour. However, cement-treated laterites contain a higher
percentage of cement (generally 4 to 6%) and the road surface has a semi-rigid behaviour.

The following Table 1 is the value for the pavement sub-grade thickness, these values are based on the
soil strength classification (California Bearing Ratio).

Table 1. Value for the pavement sub-grave thickness [8]

Bearing Ratio Thickness
CBR <5 25 cm
CBR5-7 35cm
CBR8-14 45 cm
CBR 15-29 55cm
CBR > 30 65 cm
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2.1.4. TYPICAL ROAD DESIGN IN GUINEA-BISSAU

Because the climate and soil conditions in tropical countries differ greatly from those in temperate zones,
road design in these countries requires a unique strategy. To maintain durability and usage, effective
road design must address issues including high temperatures, excessive rainfall, and certain soil types.
For designers, creating pavement for LVR is a unique task. This is mostly due to the fact that these roads
were not expressly designed for until recently, and the transition from a gravel road to a paved road was
a significant one. But thanks to extensive international research, simplified pavement design techniques
have been developed that allow unpaved roads to be economically upgraded to paved standards by
utilizing local materials that don't meet the standard specifications found in most design manuals. The
“catalogue” approaches, which are the most widely utilized design techniques for LVR in Guinea-Bissau,
will be employed for this study's rural road design. This approach enables the construction of suitable
pavement structures for a variety of subgrade strengths and traffic loading classes based on empirical
and experimental data. A thin, flexible bituminous coating intended to create a long-lasting and
waterproof seal is the most used LVR surfacing material. Since these seals don't significantly increase the
pavement's structural strength, they have no effect on the pavement's design. Figure 3 illustrate the
typical pavement structure of low traffic road in Guinea-Bissau.

Pavement!

Surfacing A

Base

A

Pavement

<«—— Subbase?

<«— In-situ subgrade

Figure 3. Main components of a low-traffic road pavement [9]

Design standards and specifications vary from project to project because there are no fixed standards
for road construction in Guinea-Bissau. This creates challenges for the designer, who must adapt to the
standards of other countries or base their plans on already completed projects. For the purpose of
conducting the LCA in the LVR in Guinea-Bissau, the current design is based on the Malawi low-volume
road standard and the Senegal standard, as these countries share similar climate and soil conditions with
Guinea-Bissau. Additionally, some information was sourced from various West Africa Road construction
standards and documents from roads already built in Guinea-Bissau.

The pavement structure proposed, consisting of a 50 mm hot mix asphalt (HMA) surface, a 200 mm
crushed gravel a 300 mm natural West Africa Road sub-base, and an in-situ subgrade layer with a
California Bearing Ratio (CBR) of approximately 5%, is a carefully balanced solution that responds to
both engineering demands and contextual realities in tropical, low-traffic environments such as those
found in Guinea-Bissau. This configuration reflects a considered application of both the Low Volume
Roads Manual (Malawi Roads Authority, 2020) and the Catalogue of New and Existing Roadway
Structures (Senegal, 2015), which together form a robust foundation for pavement design in regions
characterized by climate variability, material constraints, and evolving transport needs.

The use of a 50 mm hot mix asphalt layer as the surface course is well-supported in both documents.
Asphalt concrete is selected not only for its riding surface properties but also for its structural value and
the protection it offers. It restricts moisture entry and protects the layers below from oxidation and
weather-related distress. According to [8], this thickness is standard for roads with moderate loading
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and environmental exposure. Likewise, [9] confirms that 50 mm is a suitable thickness for the bituminous
surface on low-volume roads where dust control, waterproofing, and surface resilience are essential
Furthermore, the selected bituminous mixture (granular in this case) is defined in the Senegalese guide
[8]. The bituminous mixture was chosen in appropriate proportions of coarse and fine aggregates with
a 4-6% bitumen rate to ensure satisfactory flexibility and rutting resistance for the usual thermal cycles
and heavy axle loads to be experienced occasionally.

The lower base layers are made of a crushed gravel base course mixed with lateritic sand and is 200 mm
thick. This thickness is to ensure a load spreading function and to protect the overall structure in case
the subgrade is not sufficient. The role of the moisture resistance, volumetric stability, and shear strength
of this layer is at the heart of the overall performance. The selected 200 mm thickness aligns with
recommended values for roads built over subgrades with CBRs ranging between 3-5%, as shown in the
structural design tables and pavement configurations in both references [8], [9]. The use of crushed stone
ensures the mechanical interlock and bearing capacity required for roads that may occasionally carry
medium-weight commercial vehicles.

The sub-base layer is 300 mm thick and is made up of compacted natural lateritic gravel. It serves several
purposes, including: The distribution of stresses to limit excessive stresses to the subgrade, provide a
working platform during construction, and to act as a buffer layer for the base against long term
moisture changes. The lateritic material is selected for its ubiquity, workability, and adequate CBR
performance when properly processed often exceeding 10%, which satisfies the design expectations for
such layer. The Senegalese guide details the sizing characteristics of untreated lateritic gravel, supporting
its use in this application. Moreover, the use of locally available materials such as laterites fosters both
environmental and economic sustainability, as sourcing materials locally not only reduces transport costs
but also minimizes environmental impacts associated with long-distance logistics.

Finally, the subgrade, at a CBR of 5% approximately, is the natural subsoil on which the road is built. This
is considered to be very weak structurally, however, it is not an unusual subgrade strength in tropical
climates, particularly where clayey or silty soils are present. In these cases, the total pavement thickness
is simply increased to reduce strain and protect the subgrade from deformation and damage by
moisture. Both design manuals agree that when the subgrade exhibits low bearing capacity, the solution
lies not in deep chemical stabilization but in structural compensation using quality granular layers [8],
[9]. The compacted in-situ layer thus serves as a practical measure to ensure uniformity and continuity
in load support. This pavement design is grounded in context-specific design logic and regional
experience. The material choices and thicknesses are to fulfil the structural requirements, climate
resilience and cost-effectiveness.

2.2. LIFE CYCLE ASSESSMENT

Life Cycle Assessment (LCA) represents a standardized framework for the evaluation and comparison of
the environmental repercussions associated with products, processes, or services throughout their entire
life cycle, encompassing stages from the extraction of raw materials to the ultimate disposal or recycling
at end-of-life. This methodology comprehensively accounts for all resource utilization and pollutant
emissions pertinent to each phase, which includes material processing, manufacturing, transportation,
construction, and final treatment. The approach incorporates an impact assessment phase, during which
the environmental ramifications are quantified across pertinent categories[10], [11].

Within the construction sector, LCA has emerged as an efficient instrument for evaluating the
environmental efficacy of materials, components, and systems utilized in buildings and infrastructure. Its
systematic methodology empowers stakeholders to assess the ramifications of various design and
material selections, thereby fostering more sustainable decision-making processes[12]. In this
investigation, LCA is employed to examine the environmental impacts of alternative materials for the

Life Cycle Assessment (LCA) applied to pavement materials on low traffic roads in Guinea-Bissau



12

pavement on low-traffic roads in Guinea-Bissau, thereby offering a thorough foundation for the
comparison of design scenarios and the identification of more resource-efficient and low-impact
alternatives.

2.2.1.  DEFINITIONS OF LIFE CYCLE ANALYSIS AND APPLICATION IN CONSTRUCTION

Life Cycle Assessment (LCA) is a systematic methodology used to evaluate the environmental
implications of a product, process, or service across all stages of its life from the extraction of raw
materials through manufacturing, transportation, use, maintenance, and ultimately, disposal or recycling,
often referred to as a “cradle-to-grave”. Figure 4 illustrates the general life cycle considered for the
typical LCA. Also, it examines both resource inputs (such as energy, water, and raw materials) and
environmental outputs (such as emissions, waste, and by-products) in order to provide a holistic picture
of environmental performance [13], [14]. This makes LCA a valuable tool for understanding the trade-
offs between different design or production choices and identifying opportunities to reduce
environmental burdens.

QY

Ny

Disposal/Recycling

Raw Material
Extraction

PRODUCT
LIFECYCLE

Manufacturing

Distribution

Figure 4. Life cycle assessment phases [15]

In construction, LCA has become increasingly relevant as the industry seeks to address the significant
environmental challenges associated with resource consumption and emissions. Buildings and
infrastructure are long-lived systems that demand large quantities of materials and energy throughout
their life cycles. By applying LCA, decision-makers can evaluate the environmental impacts of materials
and construction techniques before projects are implemented, enabling them to select options that
minimize negative impacts while maintaining functionality and safety[16].

LCA is an instrument that offers varying levels of detail, ranging from a comprehensive assessment of
the overall life cycle to the quantification of impacts associated with a specific material or component. It
encompasses a wide array of impacts; although greenhouse gas emissions represent a critical category,
they constitute merely one dimension that an LCA can evaluate. Other impact categories, such as ozone
depletion, eutrophication, and effects on human health, can also be assessed through LCA. Furthermore,
LCA is underpinned by international standards to guarantee uniformity and dependability. The
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International Organization for Standardization (ISO) has published the principles, framework,
requirements, and guidelines pertaining to LCA in the ISO14040 and ISO 14044 documents [13], [14].

The strength of LCA in construction lies in its ability to break down the life cycle into discrete stages
including material extraction (A1), transportation (A2), manufacturing or processing (A3), delivery to the
construction site (A4), and installation (A5), as defined in EN 15804. This stage-by-stage analysis allows
stakeholders to pinpoint “hotspots” of environmental impact, such as high emissions from energy-
intensive material production or the significant carbon footprint from long-distance transportation.
Once identified, these hotspots can be addressed by selecting alternative materials, optimizing transport
logistics, or improving construction efficiency [17].

Beyond material selection, LCA in construction can inform broader sustainability strategies. For example,
it can compare the environmental performance of renovation versus demolition and new construction,
assess the benefits of integrating recycled or locally sourced materials, or quantify the long-term
environmental benefits of low-maintenance infrastructure. It can also contribute to achieving
compliance with environmental regulations and earning credits in green building certification systems
like BREEAM and LEED [18].

2.2.2.  LIFE CYCLE ANALYSIS PHASES
According to the ISO 14040 and 14044, LCA studies consist of four phases:

1. Goal and Scope

2. Inventory Analysis (LCI)

3. Impact Assessment (LCIA)
4, Interpretation

Each phase is linked to the others, with outputs from one stage feeding into the next, forming a
continuous feedback loop throughout the process. This cyclical interaction strengthens both the depth
and reliability of an LCA study, ensuring that the conclusions are well-founded[19]. Figure 5 presents a
visual representation of how these phases interact.

Goal definition
and scope

Inventory Analysis Interpretation
(LCl) .

Impact |
Assessment PO

Figure 5. Relationships between phases of the LCA [20]
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2.2.3. GOAL AND SCOPE

The initial stage of an LCA focuses on establishing both the goal and the scope of the study. The scope
outlines the system boundaries and the level of detail to be applied, which are determined according to
the subject matter and the intended use of the assessment. The goal, on the other hand, defines the
overall breadth and depth of the analysis. For the results to be meaningful and applicable, the goal and
scope must be stated clearly and remain consistent with the intended application of the study. While
these definitions are set at the start, they may be refined as the LCA progresses, reflecting the iterative
nature of the process.

When setting the goal, it is important to specify the intended application, the reasons for undertaking
the study, the target audience, and the ways in which the results will be applied. The scope should also
describe key elements such as the functional unit, system boundaries, chosen LCIA methodology,
underlying assumptions, study limitations, and required data types. Although a system may serve several
potential functions, one must be selected as the basis for the assessment. The functional unit expresses
this chosen function in measurable terms, providing a reference point for quantifying inputs and outputs.

Equally important is defining the system boundary. In the LCA model, boundaries identify which
elements of the physical system are included and determine which unit processes are to be assessed. A
product system generally consists of several unit processes, each representing the smallest segment for
which input and output data are gathered. Figure 6 provides an example of how multiple unit processes
can form a complete product system. The chosen system boundary must correspond with the study’s
purpose and underlying assumptions, and any decisions to include or exclude processes should be fully
documented.

In comparative analyses, such as the one in this dissertation, it is essential to define the study’s scope in
a way that ensures the results can be directly compared. For a fair and meaningful comparison, all
scenarios must be based on the same functional unit and adhere to equivalent methodological
parameters. These include performance criteria, system boundaries, allocation methods, rules for
selecting and evaluating inputs and outputs, and the chosen impact assessment approach. Maintaining
this consistency across scenarios not only safeguards the reliability of the comparison but also enhances
the validity of the study’s conclusions.

Unitary
process

Inflows — Output flows

Intermediate flows

Unitary
process

Inflows —_— — QOutput flows

Intermediate flows

Unitary
process

Inflows pre— — QOutput flows

Figure 6.Set of unit processes [20]
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2.2.4. INVENTORY ANALYSIS (LCI)

The Life Cycle Inventory (LCI) phase involves the systematic collection and quantification of data on all
relevant inputs and outputs within the system boundaries established in the scope definition. This
includes gathering information on the resources consumed, such as raw materials, energy, and water, as
well as the emissions released to air, water, and soil, and any waste generated. Data may be obtained
directly from primary sources, such as on-site measurements and process records, or from secondary
sources, including scientific literature, industry reports, and LCA databases. Ensuring data quality is
essential at this stage, with particular attention given to its representativeness in terms of time, location,
and technology.

The data collected is organized into unit processes, which are modelled to reflect the flows of materials
and energy between them and the environment. Where processes generate multiple outputs, allocation
procedures or system expansion methods are applied in accordance with ISO 14044 guidelines. All
assumptions, exclusions, and data sources must be documented to maintain transparency and enable
reproducibility of the study. The outcome of this phase is a detailed inventory that quantifies all input
and output flows per functional unit, forming the basis for the Life Cycle Impact Assessment phase.
Figure 7 illustrate a simplified procedure for inventory analysis (process of data collection)

Goal and scope definition =~ f-------cmoeaa—

-

Preparation for data collection

— Revised data ' Data collection sheet

Data collection

‘ Collected data

v

Validation data

I Allocation
‘ Validated data includes

Relating data to unit process reuse and
recycle

‘Validated data per unit process

Relating data to functional unit

‘ Validated data per functional unit

Data aggregation

‘ Calculated inventory

Refining the system boundary

Completed inventory

Figure 7. Process of data collection according to ISO 14040:2006 [21]
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2.2.5.  IMPACT ASSESSMENT (LCIA)

The Life Cycle Impact Assessment (LCIA) phase builds on the results of the Life Cycle Inventory by
translating the quantified input and output flows into potential environmental impacts. This step involves
classifying each flow according to the impact categories it contributes to, such as global warming
potential, fossil resource scarcity, eutrophication, acidification, particulate matter formation and more.
The flows are then characterised using scientifically derived factors that convert physical quantities into
a common unit for each category, enabling the aggregation of contributions from different processes.
In essence, LCIA links inventory data with selected environmental categories and indicators to provide a
deeper understanding of potential impacts, forming the necessary basis for the subsequent
interpretation phase.

The LCIA method applied in this study follows the guidelines set out in ISO 14044 and utilises the method
ReCiPe 2016 Midpoint framework, which provides characterisation factors for a comprehensive range of
impact categories. According to ISO 14040 and ISO 14044, several elements should be included in LCIA.
The mandatory elements are the selection of impact categories, category indicators, and characterisation
models, as well as classification (assigning LCl results to the chosen impact categories) and
characterisation (calculating category indicator results). Optional elements such as normalisation,
grouping, weighting, and data quality analysis may also be applied, depending on the goal and scope
of the study, but must be clearly justified and reported.

Numerous LCIA methods have been developed, each varying in how environmental impacts are
quantified and calculated. These methods group and categorise environmental effects such as climate
change, water use, or toxicity, and the selection of a method depends on the focus of the study and the
categories it intends to evaluate. In practice, the choice of method is often linked to the options available
in the LCA software being used. Commonly applied LCIA methods include ReCiPe, TRACI, EN15804+A2
(EU construction sector), EF v3.1, CML, Eco-Indicator 99, CST 99, and Environmental Prices. While no
universally accepted method exists for consistently associating inventory data with environmental
impacts—representing a limitation of LCA—these models are continually being refined and improved
[19]. The results of this phase provide a clear link between the system’s life cycle flows and their
associated environmental consequences, forming the basis for interpretation and decision-making in
the final stage of the LCA. Figure 8 illustrates mandatory and optional elements for LCIA.

MANDATORY OPTIONAL
Selection Weighting
Conversion of the results based
[J_l on value choices
LCIA
Elements
Classification )2 Aggregation
Assignment of LCI resultst Aggregation and or hierarchy
03
Characterization Normalization

Calculation of category indicator Calculation of the magnitude of

osults »sults in relation to a

reference information

Figure 8. Structure of the life cycle impact assessment (LCIA) elements[22].
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2.2.6. INTERPRETATION

The Life Cycle Interpretation is the final phase of the LCA process. It involves analyzing previous stages—
specifically, the Life Cycle Inventory (LCl) and Life Cycle Impact Assessment (LCIA)—to draw conclusions,
interpret findings, and suggest future actions aligned with the study's goals and scope. During this stage,
results are carefully reviewed to ensure completeness, consistency, and reliability. This includes
identifying key issues, assessing how sensitive results are to assumptions and data, and verifying that
conclusions are supported by the data and methods used. According to ISO 14044, the interpretation
should encompass three main components: identifying significant issues, evaluating them, and forming
conclusions or recommendations. Significant issues may relate to particular life cycle stages, processes,
materials, or environmental impacts that heavily influence the results. The evaluation step confirms
robustness through completeness checks, consistency assessments, and sensitivity analyses,
determining if variations in data, system boundaries, or methods could significantly change outcomes.
The interpretation process is iterative; findings might lead to re-examining earlier phases to refine data
or assumptions. Recommendations should be directly linked to the results and the intended use of the
study, covering areas such as product or process improvements, sustainable material choices, or supply
chain optimization. For comparative analyses, it's important that all scenarios are evaluated under
consistent conditions so differences are due to the systems themselves, not methodology or data
discrepancies. Well-documented assumptions, limitations, and uncertainties help stakeholders
understand the scope and relevance of the results. Ultimately, this phase transforms the quantitative
outcomes of the LCA into practical insights, guiding decision-makers toward strategies that minimize
environmental impacts while meeting economic and functional needs. Figure 9 illustrates these
interpretation steps in relation to the earlier phases, highlighting the iterative nature of LCA studies.
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Figure 9. Relationships between elements within the interpretation phase with other LCA phases [19]
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2.2.7. LIFE CYCLE AND STAGES OF THE BUILT ENVIRONMENT

The built environment encompasses all human-made structures and infrastructure, including buildings,
roads, bridges, and public spaces. Understanding its life cycle is essential for evaluating environmental
performance, as each stage involves specific material, energy, and resource flows, as well as associated
environmental impacts. The life cycle approach enables a holistic assessment of these impacts,
supporting the development of sustainable construction strategies and the selection of resource-
efficient materials.

The concept of the “life cycle” refers to the entire span of service life of a material, assembly, or
component, which can be particularly long in the context of the built environment. It begins with the
extraction of raw materials, followed by their manufacturing and processing into finished goods. These
goods are then transported to the construction site, where they are installed and assembled. Over its
lifespan, the infrastructure may undergo repairs, refurbishments, and maintenance to extend usability.
Eventually, at the end of its service life, it may be demolished, offering opportunities for material recovery
and circular economy practices although in many cases, materials still end up in landfills, underscoring
the need for improved waste management [19]. Figure 70 display these stages, illustrating the source of
the embodied carbon emissions for each stage.

Al - A3 Product Stage A4 - A5 Construction Stage Bl - BS Use Stage C1 - C4 End of Life Stage

Al Raw material extraction A4 Transport to construction site Bl Use C1 Deconstruction & demolition
A2 Transport to AS Installation/Assembly B2 Maintenance C2 Transport
manufacturing site B3 Repair C3 Waste processing
A3 Manufacturing B4 Replacement C4 Disposal

BS Refurbishment

Figure 10. Construction life cycle stages [23].

The life cycle of the built environment can generally be divided into five key stages: product stage (A1-
A3), construction process stage (A4—A5), use stage (B1-B7), end-of-life stage (C1-C4), and benefits and
loads beyond the system boundary (D), as defined in standards such as EN 15978 and EN 15804 [24].

1. Product Stage (A1-A3): Covers raw material extraction and processing (A1), transportation to
the manufacturer (A2), and manufacturing (A3). This is often referred to as “cradle to gate” and
includes all material provision, energy requirements, and waste generated during initial
processing. This stage is typically highly resource- and energy-intensive, contributing
significantly to emissions and environmental burdens.

2. Construction Process Stage (A4—A5): Includes transportation of products to the construction site
(Ad) and on-site construction or installation activities (A5). A4 considers the impacts from
transport distance, fuel type, and vehicle efficiency, while A5 encompasses all site activities,
including installation processes, temporary works and any material losses or waste generated

Life Cycle Assessment (LCA) applied to pavement materials on low traffic roads in Guinea-Bissau



19

during construction. This stage is termed “cradle to practical completion” or “cradle to
handover”

3. Use Stage (B1-B7): Represents the operational life of the built asset. It includes use/application
(B1), maintenance (B2), repair (B3), replacement (B4), refurbishment (B5), operational energy use
(B6), and operational water use (B7). For roads, this stage covers periodic resurfacing, patch
repairs, and material replacements required to maintain performance.

4. End-of-Life Stage (C1-C4): Covers deconstruction or demolition (C1), transportation of waste
materials (C2), waste processing for reuse, recovery, or recycling (C3), and disposal (C4). This
stage accounts for all energy, water, and transport associated with dismantling and processing
materials. Studies that include this stage adopt a “cradle to grave” perspective.

5. Beyond the System Boundary (D): Captures potential benefits from reuse, recovery, and recycling
after the life cycle ends. When included, this is referred to as a “cradle to cradle” approach, which
considers net environmental benefits from material recovery, such as recycled steel slag or
reclaimed asphalt pavement substituting virgin materials. Although this stage is challenging due
to limited data on the fate of construction products after demolition, it promotes design
strategies that enhance material circularity and reduce waste.
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Figure 11. System boundary definition as per EN 15978 [25]

2.3. SUSTAINABLE MATERIAL FOR ROAD CONSTRUCTION

The search for sustainable alternatives in road construction requires materials that not only reduce
environmental burdens but also meet the stringent mechanical and durability demands of pavements.
In this study ten (10) possible sustainable material for road construction are