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ABSTRACT

Rapid urban expansion in Mekelle is driving the extraction of manufactured sand and gravel from
surrounding rural areas, leading to increased bareland. This study examined the impacts of urban—
rural linkages through construction material flows between Mekelle and nearby rural communities. A
mixed quantitative and qualitative research design was applied. Used both primary and secondary data
collected through different methods, including questionnaires. Random and purposive sampling
methods involved 80 participants. The study was conducted at seven crusher sites in Hareko and
Messebo tabias, purposively selected based on post-conflict functionality, proximity to Mekelle, and
rural administrative locations. Also, three sand and gravel trading centers in Mekelle were selected
based on their reliance on materials sourced from the study areas. The analysis adopted a cradle-to-
gate system boundary within the broader cradle-to-grave framework due to data limitations. Results
showed that annual production reached 86,680 m* of manufactured sand and gravel, of which 15%
generated as byproduct. The material flow chain supported 159 rural and urban residents through wage
labor and trading activities. However, socio-environmental impacts were identified, including health
risks, carbon emissions (2.23 kg C0: /t), and soil degradation. Although mitigation measures were
agreed upon, weak regulatory enforcement prevented their full implementation, except for water
spraying, which reduced dust emissions by 70% annually (492.41kg/vear) but led to raised concerns
over unsustainable water extraction. The study highlights policy gaps and recommends stronger
regulatory enforcement to ensure sustainable resource management, alongside future research on why

environmental policy in Ethiopia has weak in implementation.

Keywords: Mekelle, Environment, Rural-Urban linkage, Sustainability, Carbon emission
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CHAPTER ONE: INTRODUCTION

1.1 Background of the study

Worldwide urban expansion is increasing year after year, intensifying rural-urban linkages, leading to
alterations in land use, ecosystems, and reliance on ecosystem services (Desa, 2019; Forster et al.,
2021). Local construction material, for instance, sand (Ren et al., 2022), illustrates this dynamic, being
one of the most heavily extracted resources worldwide, with annual consumption estimated at 40-
50billion metric tons. Previous studies (Mundra et al., 2016), shown that manufactured gravels also
comprise 60-75% of the concrete volume, with fine gravel accounting for approximately 35%. Urban
expansion is the driving force behind more pressures to natural resources (Tan et al., 2021) which is
consuming 70-75% of global natural resources, raises concerns regarding environmental degradation
and long-term sustainability. Consequently, the construction sector increasingly relies on
manufactured sand produced through rock crushing (Thapa et al., 2020), which provides a consistent

alternative to riverine sand extraction.

In Africa, sand and gravel remain essential construction materials with high demand (Ayuk et al.,
2020). While gravel and sand mining can provide economic and social benefits, these are often offset
by unequal and unjust practices (Hougaard & Vélez-Torres, 2020). Thus, rural-urban linkages
associated with sand and gravel extraction supply income and jobs, but activities are frequently linked
to unsafe working conditions, health risks, and social problems (Bendixen et al., 2021). This traditional
sand mining cannot meet growing demand and contributes to environmental degradation and social
conflict over diminishing resources (Hemmler et al., 2024; Torres et al., 2017). Demand for natural
sand now exceeds its natural replenishment rate (Sverdrup et al., 2017), emphasizing the need for
sustainable alternatives such as manufactured sand to achieve Sustainable Development Goals and
inform effective policies (Torres et al., 2021). Without adequate regulation, however, alternative

extraction may also produce negative environmental and social outcomes (Vélez-Torres et al., 2024).

Ethiopia’s construction sector relies heavily on sand resources but faces challenges such as illegal
mining, weak regulatory frameworks, resource depletion, and socio-environmental impacts (Gallagher
& Peduzzi, 2019). River sand mining provides rural jobs, but due to weak regulation, it causes
environmental degradation and health risks (Nursamsi et al., 2024). Ethiopia’s high-purity
manufactured sand shows industrial potential, yet adoption is constrained by fragmented production,

weak policies, and limited research (Aschale, 2025). Dependence on distant natural sand sources raises
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costs and carbon emissions, whereas manufactured sand from sedimentary rock offers a consistent
local supply and reduces ecosystem pressure (Mamaru, 2020). Therefore, integrating quarry fines and
other by-products enhances resource efficiency and supports Sustainable Development Goals.
However, according to the Ethiopian Standard ES C.D3.201 (1990) guideline (MWE, 2018). The
fineness modulus of fine gravel should lie between 2.0 and 3.5, ensuring optimal gradation for concrete
production (Mathewos & Amare, 2022). These national standards align closely with international
benchmarks, emphasizing the importance of controlling particle size distribution and fine content to
achieve desirable concrete properties. Similarly, (Tan et al., 2023) demonstrated that M-sand concrete
maintains comparable bending strength and durability to river sand concrete when used within the
0.15-4.75 mm range, and it can also influence the mechanical properties of concrete (Nguyen et al.,
2022). Furthermore, (Singh et al., 2022) reported that manufactured sand meeting these grading and
cleanliness requirements represents a viable and environmentally sustainable alternative to river sand,
mitigating the ecological degradation associated with uncontrolled riverbed extraction, but should be
used with balanced replacement of river sand with manufactured sand for better workability and
strength (Rafi & Aziz, 2022). Furthermore. According to standard construction material specifications
such as ASTM C33/C33M (ASTM, 2003), IS 383:2016 (Standard, 2016), and BS EN 12620,
manufactured sand, commonly referred to as manufactured sand, is recommended to have a particle

size range between 0.15 mm and 4.75 mm when used as fine gravel in concrete.

This study addresses the knowledge gap concerning the environmental and social impacts of sand and
gravel extraction, with particular focus on the urban-rural linkage related to the use of these natural
resources. The study applies GIS and remote sensing techniques to assess environmental impact by
analyzing land use changes from 2005 to 2025. Key questions, such as how bare land has replaced
areas formerly used for extraction, farming, and bushland, were addressed. It also identifies
methodological and knowledge gaps within the rural-urban linkage framework regarding
manufactured sand and gravel consumption. Ultimately, this study is expected to provide valuable
insights into rural-urban linkage in the context of sustainable local construction material use,
supporting the development of effective resource management strategies for government authorities,

practitioners, and researchers at various levels.
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1.2 Statement of the problem

The demand for local construction material at the global level (Dinh, 2020) and in the context of Africa
(Bendixen et al., 2023) is increasing and exceeds the existing supply, particularly riverine sands.
Similarly, in Ethiopia, the rapid urban growth over the past 30 years has led to widespread mining of
local construction materials. This growing demand fast-tracked the search for other alternatives, such
as manufactured sand and gravel. Despite its widespread adoption and economic benefits in both rural
and urban areas, the dual socio-environmental impacts of rural-urban linkage in construction material
flow have not yet been studied in Ethiopia in general, including Tigray (Assefa & Gebregziabher,
2020). Existing studies examined economic or environmental dimensions in isolation, exacerbating
the knowledge gap with low regulatory enforcement at all levels, particularly in Tigray (Mamo et al.,

2024).

Unlike existing studies, this research employed both quantitative and qualitative methods to examine
the dual impacts of rural-urban linkages arising from the use of manufactured sand and gravel. The
study was conducted within a cradle -to-gate system boundary, excluding a cradle-to-gravel analysis
due to data inconsistencies, and followed ISO 14040/44 and EN 15804:2012+A2:2019 standards.
Land use and land cover changes over the last 20 years (2005-2025) were analyzed using GIS and
remote sensing geospatial techniques, confirming ground-based environmental impacts due to
expanded manufactured sand and gravel extraction. Adopting a dual rural perspective informed by
social-ecological systems and cause-and-effect frameworks, the study demonstrates how much the
construction material flow imposes impacts on socio-environmental sustainability, and how the
regulatory framework is responding. These findings provide baseline evidence to support
policymakers, practitioners, and researchers in making informed decisions on sustainable material
flow use and management that balance environmental protection and economic development. Thus,
the paper is expected to shed some light on the national and regional levels on the methodology and
knowledge gaps under the framework of the urban-rural linkage in relation to local construction

materials use.
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1.3 Objective of the study

1.3.1General objective

To evaluate the impacts of urban-rural linkage in terms of local construction material use in the case

of Mekelle and the surrounding rural areas.
1.3.2 Specific objective
The specific objectives of the study

1) To quantify the volume of manufactured gravel and sand flow from rural study areas to

Mekelle.
2) To evaluate the environmental and social impacts of manufactured sand and gravel.
3) To identify existing mitigation practices at production sites for reducing production impacts.

1.4 Research questions

The study was conducted to answer the following research questions:

1) What is the estimated volume of manufactured sand and gravel flowing from the rural area to

Mekelle?
2) What are the social and environmental impacts of manufactured gravel and sand production?

3) Which mitigation practices are implemented at production sites, and how effective are they in reducing

production impacts?
1.5 Significance of the study

The study provides insights into the balanced use of local construction materials within rural-urban
linkages. It evaluates mitigation practices and their effectiveness in addressing the socio-economic
impacts of material flows. The findings offer recommendations to support stakeholders (policy
makers, planners, decision makers, researchers) and guide future research on sustained resource

extraction and rural-urban development.
1.6 scope of the study

The study used quantitative and qualitative methods within a cradle -to-grave system boundary aligned
with ISO 14040/44 and EN 15804 +A2 standards. It focused on urban-rural material flows of

manufactured sand and gravel sourced from seven rural quarry sites and three canters in Mekelle city.
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The sites were selected based on proximity, post-conflict functionality, and training centers' sourced
material flows. Land-use and land-cover changes from 2005 to 2025 were analyzed using GIS and RS
techniques. Socio-economic impacts were assessed through key informant interviews (10) and survey

data from randomly selected 80 respondents across different age groups.
1.7 Limitations of the study

The study was limited to a cradle-to-grave system boundary due to a lack of consistent data, restricted
from conducting a cradle-to-grave material flow. Though laboratory testing and advanced instruments
were excluded because of access and cost, participants' direct quote was directly used and reinforced
with international-level environmental standards and assumptions. This immediate solution provides
insights beyond laboratory analysis and reflects practical-level realities. These benchmarks offered

preliminary impact estimates, highlighting areas for future site-specific research.
1.8 Organization of the research paper

The thesis report consists of five interconnected chapters: Chapter one, which presents the
introduction, which embeds the background of the study, problem statement, objective, significance
of the study, scope, limitation, and definition of key terms. The next chapter, two, holds contextualized
literature that establishes a theoretical foundation for the research. In chapter three, the report outlines
the materials and methods used in conducting the study, highlighting the research design, data
collection, and analysis techniques. Chapter four presents the research results, followed by a
discussion interpreting these findings in relation to existing literature. Finally, chapter five summarizes

the key findings and provides recommendations for future action.
1.9 Definition of key terms

Manufactured sand: refers to the sand produced through sedimentary crushing, a concept further

discussed by (Gondo et al., 2019).

Urban-rural linkage: this focused only on the connection between both areas in terms of local

construction material -particularly manufactured sand and gravel, also supported by (Tacoli, 2003).

Land use and land cover change: In this study, the phrase represents the land use types, farmland
and bushland, changed over the last 20 years (2005-2025) due to the expansion of manufactured sand
and gravel. This concept is also partially discussed by (Langer, 2016), who defines it as manufactured

gravel derived from the mechanical crushing of bedrock and naturally occurring unconsolidated stone.
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Cradle-to-gate: the system boundary within the concept of cradle to grave, which focuses only on the
input -output process of the construction material manufacturing process (WOLF et al., 2010), which

excluded the use and end of life of the process.

Life cycle assessment: This is a standardized methodology, as defined in ISO 14040/44, for
quantifying the environmental impacts from the input-output process of the local construction material
manufacturing process, but excludes the environmental impacts at use and end of life stages for the

same reason, from data inconsistency, also presented by (Tang et al., 2022).

Emission factor: An emission factor is an illustrative value that quantifies the amount of a pollutant

released into the atmosphere per unit of an activity responsible for its emission (EPA, 2021).

Feed-rate: In gravel and sand crushers, the feed rate is the mass of material introduced into the crusher

per unit of time (t/h) (Vasilyeva et al., 2023).
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CHAPTER TWO: LITERATURE REVIEW

2.1 Rural—urban linkages in terms of local construction material use

Historically, rural and urban areas were considered distinct, but recent research, for instance (OECD,
2021), emphasizes their deep interconnection through the extraction and movement of construction
materials such as sand and gravel. This indicates that rural areas act as the main sources of these
materials for nearby towns and cities, whereas urban centers provide the markets, infrastructure, and
transport systems that maintain continuous circulation, forming a rural-urban continuum rather than a
simple division. This mutuality becomes particularly apparent in rapidly urbanizing regions (Leow,
2020), where growing demand for construction materials links rural extraction sites with expanding

urban projects.

These connections have both economic benefits, such as short-term employment opportunities, and
income source diversification (Abate, 2016), as well as socio-environmental problems such as decline
of soil fertility, health problems, land degradation, etc.,(Achalu et al., 2023; Nemati & Tahmoorian,
2020). For instance, (Hackney et al., 2021) found that satellite imagery of sand extraction between
2016 and 2020 exceeded the natural sediment supply, causing riverbeds to lower at a median rate of
—0.26 meters per year, and declines in soil fertility indicators compared with unmined fields (Hemmler
et al., 2024); for example, average reductions of 0.6 g kg™! nitrogen, 12.7 mg kg™ ! phosphorus, 77 mg
kg™ potassium, and 6.3 g kg' organic carbon were recorded. . Land-use competition is another
emerging concern (Teku, 2025) from the connection, as the expansion of extraction activities
increasingly overlaps with farmland, settlements, and conservation zones, generating conflicts
between rural communities, private investors, and informal operators. Such conflicts highlight
governance weaknesses and unclear land tenure systems, which undermine equitable rural-urban

linkages.
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2.2 Local construction material flows and their implications
2.2.1 Material flow: economic and environmental significance

Economic importance: The majority of the Ethiopian rural population's livelihood is largely
dependent on rainfed agriculture (Teferi et al., 2025), which is more vulnerable to natural and
manmade vulnerabilities. This led many households to depend on the extraction of natural resources,
such as river sand and stone extraction, in addition to the on-farm activities like honey bee production
(Sime & Aune, 2019), to diversify their livelihood income sources and to build their resilience capacity
to risks. Thus, the extraction of locally available construction material like riverine sand, as well as
manufactured sand and gravel (Gudissa et al., 2021), as a sustained alternative to riverine sand
(Shewatatek et al., 2022), generates employment and income and supports alternative livelihoods,
strengthens urban-rural linkage, while addressing local construction material flow in the cities and
towns. For example, manufactured and riverine sand extraction reduces unemployment and provides
a steady income (Adanu et al., 2025; Vural et al., 2025; Worku, 2017), contributing positively to local
livelihoods (Abdulazeez, 2023). Thus, the material flow links rural livelihoods to urban economic
demand, as sand and gravel are essential for housing and infrastructure (Global-T., 2025). These
economic significances are also reinforced by temporary transport markets (Yao, 2022), machinery
rentals, and local trade in locally manufactured construction materials. In this case, recent studies
(Kamble et al., 2019) reported that manufactured sand is generally more cost-effective than river sand,
especially when river sand is scarce or expensive to transport, although its finer texture increases

cement use.

The key problem frequently asked in the area of these construction material mining is related to the
low female engagement in sand and gravel production due to perceptions of physical difficulty and
gender norms (TheGlobalEconomy.com, 2024). Besides, the participation declines with age-related
patterns, with most quarry workers aged 30—40, and participation declines sharply after 50 due to
physical demands (Kitole et al., 2025).

Socio-environmental consequences: Acknowledging the economic benefits from natural
construction material extraction also leads to environmental and social impacts. The rapid urbanization
has increased demand for sand and gravel, often exceeding regulatory capacity (Beiser, 2019), raising
the risk of unsustainable extraction. For instance, unmanaged quarrying, which lacks the
implementation of proper mitigation measures, resulted in degraded cropland and grazing areas

(Balcha & Oyda, 2021), reduced yields up to 60% (Kresojevi¢ et al., 2023; Pal & Mandal, 2021),
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lowered soil fertility, altered soil structure (Amour & Haji, 2024; Leake et al., 2020), damaged
vegetation, and depleted of native tree species (Wondimu, 2021). Mining dust and quarrying impair
photosynthesis, hinder plant growth, and reduce crop and vegetation productivity, contributing to

ecosystem deterioration (Lee et al., 2024; Sultan et al., 2025; Zhao et al., 2025).

Communities affected by quarrying often experience inadequate land compensation (Gemeda et al.,
2023), delayed payments, and unmet employment promises, leading to grievances. Declining raw
material quality increases waste and environmental stress (Tegegne, 2022), while improper dumping
exacerbates land degradation and triggers conflicts over farmland loss and livelihood insecurity, and
is more pronounced in conflict-affected areas (Elnourani et al., 2024; Gashaw & Aklilu, 2020; Meaux
et al., 2022). Vegetation removal and bare surfaces from quarrying contribute to local heat-island
effects, as exposed soil and rock absorb and radiate more heat than vegetated areas (Swift et al., 2023;
Vural et al., 2025)and are a key contributor to the energy footprint and Co2 emissions, combined with
the diesel-powered crushers. For instance, in semi-arid regions of Ethiopia, sand and gravel extraction
can raise daytime temperatures by 1-2 °C and maintain higher nighttime temperatures, loss of scenic
landscapes, making natural areas less visually appealing, and dramatically alter landscape appearance

and visual character (Dentoni et al., 2020; Gebru et al., 2025; Muriki et al., 2024; Yusuf, 2014).

Moreover, a study in Ethiopia (Saleem & Ayalew, 2025) indicated that manufactured sand and gravel
operations produce substantial air pollution, dust emissions, and noise. As per the different studies in
Ethiopia (Belay et al., 2025; Bikeko & E, 2024; Gitima et al., 2025) shown that, land use land cover
change due to manufacturing sand and gravel expansion led to the reduction of carbon stocks and
sequestration, alters hydrological cycles and microclimate, increases land surface temperature and
reduces moisture, disrupts rainfall and hydrology, and affects local climate through
evapotranspiration. Diesel-powered crushers not only contributes land degradation but also contribute
hundreds of millions of tonnes of CO» emissions annually, underscoring that combustion sources
dominate industrial emissions without decarbonization or fuel shifts (Peppas et al., 2024). Ethiopia’s
electricity grid is predominantly low-carbon (LCP, 2023), supplied primarily by hydropower, which
keeps electricity-related emissions very low compared with fossil-fuel-dominated grids in many other
countries. Mining-induced habitat loss has disrupted nearly 70% of key freshwater channels,
threatening biodiversity and aquatic ecosystems (Han et al., 2023). The environmental burdens,
including biodiversity loss, hydrological changes, and landscape degradation, are primarily borne by

rural communities, while urban centers capture most economic gains (Kafu-Quvane & Mlaba, 2024).
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Therefore, the rural-urban linkage in terms of these two construction material flows provides
employment, links rural and urban economies, and supports infrastructure development. However, this
untapped potential, especially in the case of Tigray, and Ethiopia in general, often relies on unsafe
labor, particularly among youth, and competes with agriculture for land, undermining food security
and deepening rural poverty (Yosef & Shifera, 2023) particularly from weak regulatory enforcement,
which led to the externality of socio-environmental issues (Akanwa et al., 2025). This highlights the

need for sustainable and equitable management of the material flows (Poonia et al., 2024).
2.2.2 Health and social consequences related issues

Different studies in Africa (Ahadzi et al., 2020; Farnham et al., 2020), have shown that residents close
to large-scale mining areas reported elevated cases of respiratory disorders and hypertension,
frequently experience coughing, eye irritation, chest pain, and sleep disruption due to dust emissions
and blasting activities, which were linked to high dust concentrations and insufficient protective

measurcs.

In Ethiopia, workers engaged in manufactured sand and gravel production are highly exposed to
hazardous conditions with excessive dust exposure, leading to a high incidence of respiratory diseases,
especially in settings where safety training and protective equipment are limited (Ashuro et al., 2023;
Islam et al., 2023). While not strictly clinical, a survey in Western Ethiopia documents air pollution
(dust) and health-related impacts, including asthma, chronic bronchitis, coughs/colds, and stress,
linked to crushers for local construction and mining (Endalew et al., 2019; Upadhyaya, 2021). This
indicates that, despite supporting rural livelihoods in Ethiopia, such activities continue to pose
respiratory threats to humans, livestock, and pollinators (Asgedom, 2023). Exposure to dust
contributes to respiratory diseases not only in humans but also in livestock, with cattle being
particularly vulnerable to bronchitis and pneumonia, while pollinators such as bees experience
impaired respiration and reduced foraging activity (Ricigliano et al., 2025). Dust accumulation on
vegetation lowers forage quality and availability, negatively affecting livestock health and
productivity (Gebru et al., 2016) and increasing the likelihood of animal injuries (Rehman et al., 2021).
Studies in Ethiopia (Worku et al., 2022) that focused on examining honey bee colony losses identified
environmental stressors, including dust pollution, as major factors contributing to colony decline. High
honeybee colony losses in Tigray are linked to habitat degradation, dust, and noise (Hailu et al., 2024).
This is also connected with the fact that air pollution reduces floral diversity, adversely affecting

honeybee foraging and colony health (Bareke & Addi, 2020). Thus, the decline in pollinators reduces
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crop yields and seed germination, emphasizing ecological and agricultural consequences (Bareke et

al., 2025).

These findings highlight the need for improved occupational safety practices, including proper training
and access to PPE, as well as integrated land restoration initiatives and greening projects (Abera et al.,
2020; Susca et al., 2011) to keep the amenity of the environment, and further to reduce health risks
associated with dust pollution from sand and gravel extraction. The evidence also rectifies the context,
relevance, and importance of this research paper for sustainable economic and socio-environmental

development in Tigray and Ethiopia in general.
2.2.3 Policy framework for local construction materials mining

Today, the extraction of natural resources for economic growth at the cost of the environment has led
to depletion of the resources; therefore, the need for more sustainable construction material
governance is becoming a global concern (Sutton et al., 2016). However, the response remains weak
(Nelson et al., 2023), particularly in developing countries, where the policy framework suffers from
weak enforcement, and short-term planning dominates. For instance, a review of the implementation
of SDG (Baffoe et al., 2021)shows that rural-urban material flows are frequently overlooked within

the national sustainability framework.

Ethiopia, has environmental focused key federal laws, proclamations, and supporting documents
under the umbrella of the national environmental policy (Authority & ABABA, 1997), which aligned
with the national constitution (Steen, 1936; Vestal, 1996). The environmental laws, procurement and

supporting document includes:

= The environmental and Social Impact Assessment Proclamation No.1371/2025, which
integrates socio-environmental considerations into development projects. replaces order law;
integrates socio-environmental considerations for development projects (Ababa, 2025). This
supported with the Environmental Pollution Control Proclamation No. 300/2002 , which
regulates pollution prevention, control, and environmental standards , including waste
management (Negarit, 2002).

= The Public Health Proclamation No0.200/2000, and Labour Proclamation No0.377/2003, with
the 2008 Occupational Safety and Health Directive providing practical guidelines on exposure

control and risk management (Seblework, 2006).
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= The Environmental and Air Quality Standards set limits for pollutants like particulate matter,
guiding Proclamation No. 300/2002 standards.

= The UNDP-EPA Legal Environmental Assessment (2025) provides Ethiopia’s legal
framework on air pollution and health, including recommendations for air quality laws and

regulations.

These policies and supporting documents encourage the adoption of sustainable operational practices

and meaningful community engagement (EEPA, 2025; Saleem & Ayalew, 2025).

However, the enforcement of these environmental and health safeguarding policies and guidelines
remains weak (Misrak et al., 2023). This limited enforcement led to laws and frameworks not being
effectively translated into measurable action on the ground (Mitike et al., 2016). This institutional
weakness is further reflected in Ethiopia’s national assessment of greenhouse gas (GHG) mitigation
performance, which identifies limited implementation of mitigation measures beyond natural resource
management and a lack of practical policy grounding (FEPA, 2022). The quarry site management is
rarely integrated into local land-use planning, creating governance gaps where customary land tenure
systems intersect poorly with formal regulations (Kassa et al., 2017). Besides, there is also inadequate
coordination among government stakeholders, as a result of sharing responsibilities across ministries
without effective joint planning for shared actions. For instance, limited capacity for occupational
health enforcement, widespread use of fuels, continues to drive air pollution, as 90-95% of households
use biomass for cooking/heating (Redi, 2024). This, integrated with the under-sourced health
infrastructures, led to low public and policymaker awareness and stakeholder engagement (Andualem

etal., 2025).

2.2.4 Current mitigation practices in study areas

The rural and urban areas are the two faces of a coin in different dimensions, including the nexus
regarding the use of local construction materials. So, the proper extraction of the rural construction
materials is very critical for sustained rural-urban development while maintaining the environment.
Because the raw material for economic development is always sourced from the environment, mainly
from rural areas. However, due to weak regulatory enforcement, externality was observed as a
persistent problem. For instance, dust suppression through water spraying during manufactured sand
and gravel is commonly poorly managed, resulting in excessive water use that strains local water
resources and exacerbates shortages for domestic and agricultural purposes in rural communities

(Sairanen & Rinne, 2019). While water spraying is widely recognized as an effective dust control
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measure, its unregulated and water-intensive application can lead to additional sustainability
challenges, especially in water-scarce rural areas in the country in general. In Ethiopia and other
rapidly urbanizing regions, declining natural sand reserves have increased costs and informal
extraction, while the growing reliance on manufactured sand and gravel has generated new ecological
and social risks where regulation and water-efficient technologies are lacking. The weak policy
implementation exposed the sites to land degradation. As indicated in the slope range report (FAO,
2019), and more detailed in Ethiopia (Getachew & Meten, 2021); different areas with sloping nature
can be exposed to land degradation if their resources are extracted with no mitigation measures. This
situation calls for integrated conservation responses, particularly from the investors, with close

monitoring and follow-up from the relevant government stakeholders.

These previous and recent study results evidenced that sustainable construction material use and
management strategies are becoming the next unanswered questions in the sector. Addressing these
challenges requires integrated governance approaches that include monitoring material flows, actively
engaging communities, and enforcing extraction standards more rigorously. Enhancing governance,
protecting environmental resources, and encouraging local participation are therefore essential to
achieve sustainable socio-economic benefits without compromising ecological integrity. Therefore,
this study provides a baseline and recommended practical points that support policy makers and
planners, which require complementing regulatory enforcement to reduce environmental risks while

supporting resilient rural development.
2.2.5 Study focus and methodological additions

This study, which employed a quantitative and qualitative research design, was conducted under the
input -output system boundary (cradle-to-grave). It examined the socio-economic impact of urban-
rural linkage on the use of two locally available construction materials, manufactured sand and gravel.
The ground-level observed environmental problems from the material extraction are supported by the
GIS and RS geospatial technique land use land cover map outcome over the last two decades (2005-
2025). The study, which has not yet conducted by previous or recent studies, also embedded the socio-
ecological system under the equation of cause-effect causality, which aligns with the EN 15804+A2
standards. The estimation of the total volume of material flow enabled us to understand the mass

balances, making it easier to understand and work in depth on the next variables.
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The study used purposive and random sampling methods to gather data from 80 respondents, including
farmers, experts, and government officials, to capture their perceptions, practices, and perspectives on
potential sustainability strategies (Habtie et al., 2024; Tesfaye et al., 2021). Both open- and closed-
ended questionnaires were administered, and the quantitative data were analyzed using statistical
software such as STATA and Excel to generate tables and graphs. Direct quotes from participants
were included to complement and reinforce the quantitative findings. In addition, relevant formulas
were applied to calculate material flow volumes and their environmental effects, as detailed in the
annex of this report. Based on these different research findings, the study proposed practical
sustainability measures aimed at guiding policymakers, as well as urban and rural planners, by
providing actionable recommendations for equitable resource management and environmentally

responsible material sourcing.
2.2.6 Conceptual framework

Taking rapid urban expansion as the point of departure, this conceptual framework examines the
increasing pressure on the extraction of two key local construction materials. It illustrates the
relationships among the different variables aligned with specific objectives of the study. Sites were
selected based on criteria such as post conflict crushers functionality and other relevant factors. The
total volume of local construction material flow (SO1) was estimated using simple arithmetic formulas

to better understand the mass balance, which informed subsequent variables under SO2 and SO3.

The interaction between environmental systems and human activities within the rural-urban linkage
framework generated both spatial and economic linkages, encompassing socio-environmental
impacts. The term “impact” refers to both positive (useful) and negative (harmful) effects of material
flow. Short-term job creation and sustained supply of construction materials in rural and urban areas

were identified as key positive impacts.

Conversely, negative impacts included a reduction in farmland size, destruction of livelihood
activities, exposure to health risks from dust and open defecation, and cultural impacts associated with
landscape change. These were categorized as direct (primary) and indirect (secondary) impacts.
Primary environmental impacts included soil and hydrological degradation, vegetation and
biodiversity loss, and visual and landscape degradation. Secondary environmental impacts comprised
air and noise pollution, as well as climate and microclimate changes. Direct field observation was
systematically supported by land use and land cover (LULC) map analyses using GIS and remote
sensing (RS) techniques. Changes over the past 20 years (2005-2025), particularly the expansion of
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manufactured sand and gravel extraction into farmland and bushland, were confirmed through special
analysis and linked to environmental impacts from the change. Additional geospatial tools, including
slope mapping of the study areas, further demonstrated how extraction activities intensified
environmental degradation, especially in ecologically sensitive and previously conserved hillside

arcas.

The conceptual framework also presented the policy framework practices under SO3 to address the
socio-environmental negative impacts from the material flow. Under this framework, the prime
mitigation practice identified to address the environmental impacts was spraying water. The social
negative impacts were addressed through payment for leased lands, health and welfare support,
infrastructure development, and fertilizer support for the farmers affected in their farms with due care.

Methodologies and assumptions employed in the study are also presented under Annex-Il-e.
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Figure 2. 1: Conceptual framework of the study

Source: Own conceptual understanding of the researcher (2025)
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CHAPTER THREE: RESEARCH DESIGN AND METHODOLOGY

3.1 Description of the study area

The study was conducted in Mekelle and its surrounding rural areas. Mekelle city is located in Tigray,
northern Ethiopia, between latitudes 13°24'1" and 13°29'15” N and longitudes 39°23'15" and 39°30'8"
E. Administratively, the city comprises seven sub-cities: Quiha, Adi Haqi, Kedamay Weyane, Hadnet,

Hawelti, Ayder, and Semien.

The study examined manufactured sand and gravel, sourced from two sites near Mekelle city in the
rural districts of Enderta and Hintalo, in the southeastern zone of Tigray. Seven crusher sites were
included in the study: four in Hareko tabia, which produce manufactured sand from sedimentary rock
crushing using electric and fuel-powered crushers, ensuring a year-round supply, and three in Messebo
tabia, which produce gravel from limestone. These sites were selected for their functionality and
proximity to the city compared to others. The sites from both rural areas show outstanding economic
and environmental impacts, prompting the researcher to assess rural-urban linkages and the effects of

local material flows in a developing context.

The study also included three sites for manufactured sand and gravel trading centers in three sub-cities
of Mekelle: Semn sub-city (Tabia Meles-Lachi: 13°32"14"N, 39°29'42" E), Hadnet sub-city (Debri-
70 kare:13°28'10"N, 39°26'46"E ), and Ayder sub-city (13°31'33"” N, 39°26'49" E). These trading
centers were selected to track urban-rural economic linkages arising from material flows, as they

exclusively purchased the two local construction materials from the study areas.
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3.2 Research design

This study applied a mixed-methods design to evaluate the economic and environmental impacts of
sand and gravel production within the local economy of Mekelle City. The design was guided by
methodological assumptions, including the representativeness of selected sites and respondents, the
reliability and applicability of primary and secondary data, consistency of operational conditions,
completeness of material and energy flows, and clearly defined system boundaries. These assumptions

ensured transparency regarding the study’s scope, limitations, and interpretation of results.

Quantitative data were collected through structured surveys of 80 purposively selected participants,
while qualitative insights were obtained from key informant interviews with quarry managers, local
officials, and subject-matter experts. Purposive sampling ensured that participants with direct

operational knowledge of sand and gravel production were included.

3.3 Methodology and assumptions

3.3.1 Sampling method and sample size determination

A purposive sampling method was used to select both quarry sites and respondents to ensure relevance
and accuracy. Four sand production sites (Hareko) and three gravel production sites (Tabia Messebo)
were chosen based on three criteria: /) Location: focusing on rural areas to evaluate urban—rural
linkages in sand and gravel use; 2) Proximity to Mekelle city: to assess socio-economic interactions;
3) Functionality: emphasizing active production sites compared with sites that had supplied the city
after the conflict. From a total population of 25,924, the sampling frame was narrowed to 100 eligible
households exposed to manufactured sand and gravel production activities. Using Yamane’s formula
(Yamane, 1973), with a 95% confidence level and 5% margin of error, the final sample size was

determined as 80 respondents (Simarjeet, 2017).

N
n—m ........................... eqn(l)

~ 100 50
"= 11+ 10000.052)]

Where; .
n  sample size

e  error tolerance (=0.05)

N  population
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Assumptions and justifications: Respondents included both genders and provided insights into
employment, income, and the environmental effects of production. The representativeness of the study
was grounded in data collected from 80 respondents across multiple quarry sites, which were assumed
to reflect typical sand and gravel production practices within the study area. The assumption was also
aligned with the study (Kirkendall & White, 2018), which showed that calculated sample sizes are

enough for basic statistical analysis.

Table 3. 1: Sampled respondents per site

Administrative location of study areas Total population size | Sample size
Woreda Admini q
Zone /sub- Site names unérel;mstrate Male | Female | Total | Male | Female | Total
cities
Hintalo Hareko (4 sites) 35 15 50 30 15 45
South
castern Messebo 3 Rural areas
Enderta . 25 4 29 18 4 22
sites)
Semen Meles 7 1 8 5 1 6
Mekelle | Hadnet | Debri Mekelle sub-| ¢ 5 8 |2 |2 4
cities
Ayder Adi-aha 3 2 5 1 2 3
Total 76 24 100 | 56 24 80

3.3.2 Data collection and type of data used

Both primary and secondary data were collected using the following tools utilized. The primary data
obtained through questionnaires, interviews, field observations, on-site operational logs, and direct
measurements are considered reliable indicators of actual quarry operations. In the case of site-specific
measurements incomplete or unavailable, secondary data collected from reviewed internationally
recognized modules, as well as reports, were practiced and assumed to apply to the local operational

and climatic context.

3.3.2.1 Questionnaires
Structured questionnaires were used to collect socio-economic and unforeseeable environmental data

from the 80 sampled respondents. This combination of quantitative and more calculated qualitative
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data ensured a holistic understanding of local economic dynamics and environmental problems driven

by extraction activities.

3.3.2.2 Field observations

Field observations and discussions with relevant stakeholders were conducted throughout the research
process, from topic initiation and proposal development to questionnaire design and data collection.
These activities refined the research design and provided contextual understanding of site-specific
practices. Observations indicated that all production sites experienced significant land cover changes
and varying levels of dust suspension, corroborating GIS analyses and interview findings. Visual
documentation and systematic note-taking ensured consistency and objectivity across sites, while
assessments of mitigation measures, such as dust control and land restoration practices, provided

additional qualitative insight.

3.3.2.3 Quantitative measurements

On-site measurements were conducted to quantify resource consumption and waste generation for a
life-cycle inventory. These included diesel and electricity use for crushers, loaders, trucks, and
excavators; freshwater use for dust suppression; and generation of quarry fines and other by-products.
Field-level verification was conducted in both production and consumption areas, including GPS
tracking, water tap measurements, and cross-checking against secondary office data to validate

primary observations.

3.3.2.4 Key informant interviews
These interviews generated qualitative insights into daily operations,
energy use, dust control, and the challenges of enforcing

environmental regulations in rural settings. Managers provided .

operational data to complete field measurements, while government
officials contextualized policy gaps and rural-urban planning

dynamics. These perspectives were critical in interpreting trends

observed in both quantitative survey data using the LCI method and
GIS and RS tial systems. N |
an geospatial systetns Figure 3. 2: Sample key informant (site
manager) interview from Hareko Tabia

study area
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3.3.5 Remote sensing techniques

3.3.5.1 Global Positioning System (GPS)

To assist with ground-truthing, the researcher collected 13 ground control points (training sites) using
GPS devices. These points served as representative samples for the five identified land cover types
and were used during the georeferencing of the imager dataset. Finally, the georeferenced sites were
compiled to create a key that assigns numerical values to the land use types based on their spectral

3.3.5.2 Data acquisition

Table 3. 2: Characteristics of Landsat Imagery

Sensors Path and row Acquisition dates Resolution
Landsat 7 ETM+ 169/051 03/01/2005 30mx30m
L8 OLI\TIRS 169/051 25/01/2015 30mx30m
L8 OLI\TIRS 169/051 13/01/2025 30mx30m

The baseline LULC map was developed using up-to-date satellite imagery, with careful selection of
data sources, high resolution, and temporal coverage to ensure accuracy. Landsat thematic mapper and
enhanced thematic mapper (ETM+) images from 2005,2015, and 2025 were utilized. The images were
downloaded as TIF files from the USGS website (Wulder et al., 2019), extracted from zipped formats,
filtered to less than 8% cloud cover, and all had a 30-meter resolution with path and row scenes

169/051.

3.3.4 The system boundary and exclusions

3.3.4.1 Life Cycle Inventory (LCI)

The system boundary was clearly defined as cradle-to-gate -module A1-A3 (Ugtug et al., 2025). All
material and energy flows crossing the defined system boundary were assumed to have been fully
recorded and documented, supporting inventory completeness within the selected scope. Accordingly,
all relevant inputs and outputs of the product system were systematically collected and quantified. As
detailed in Figure 3.3, the measured parameters across the input-output process consist of extraction,
loading, hauling, crushing, screening, and storage. While the key inputs include 1) diesel fuel
consumption per annum for each vehicle: loaders, trucks, excavators, including the number and type

of diesel-powered crushers, 2) electricity consumption for crushers, screens, and conveyors, and 3)
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amount of freshwater consumption per annum per site, aiming for dust suppression. As required in

LCI development, these parameters were recorded to ensure that all material and energy flows crossing

the system boundary were quantified with transparency and completeness, aiming to avoid bias related

to data inconsistency.

Energy consumption: The energy and material flow data following the input-output module
were collected from the core of the study areas. The number and type of vehicles and crushers
across the study area were registered, including the total amount of diesel consumed per year.
To elaborate on this, diesel fuel consumption (L/year) was collected from on-site operational
logs of each type of vehicle: loaders, trucks, excavators, including the types and number of
diesel-powered crushers. Similarly, the electricity consumption (kWh/year) per study area was

based on meter readings and annual bills for crushers, screens, and conveyors.

System boundary: The system boundary was defined from raw material extraction (quarrying)
to the output of crushed and screened manufactured sand and gravel ready for transport. In this
case, the primary data were obtained from on-site measurements and operational logs, while
secondary data, including emission factors, were derived from IPCC guidelines (Eggleston et
al.,2006). Other modules of the EN 15804 +A2 that include transport to the site and installation
(A4—A5), use phase (B1-B7), end-of-life (C1-C4), and benefits beyond the system boundary
(D1) were excluded due to inconsistent and incomplete data availability, further helping to

avoid bias related to data validity.
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Figure 3. 3: Cradle-to-Gate of sand and gravel production in Hareko and Messebo

Source: Conceptually developed by the researcher (2025)
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3.3.3.2 Parameter measurement and calculations
3.3.3.2.1 Estimating volume of construction material flow

Material throughput (t/year) was calculated using reported annual production volumes and an
assumed constant bulk density reflecting typical sand and gravel material properties. The bulk
densities of 1.6 ton /m? for sedimentary rocks (Manger, 1963) and 2.6 ton /m? for hard limestone
(Oates, 2008), used for mass conversion purposes. Besides, key operational variables were also
identified in both study areas, which included daily working hours and monthly and annual working
days. The type and efficiency of crushers employed at each site were also considered, given the
standards example, for mobile crushers (Backman & Minav, 2025), against context specifics, as they
directly influenced the yield of usable products. Data on these variables were collected directly from
production sites through in-depth interviews with firm owners and were verified against annual
reports and contractual records. Also, broader factors known to affect gravel and sand production
were taken into account when developing the simple arithmetic calculation and context-specific
formulas. These included proper feed rate data collection from each site to ensure operation at design

capacity, prevent over- or underloading, and maximize productivity.

The estimation of material flow was structured to quantify both usable products and by-products,
allowing for an assessment of production efficiency and the potential for circularity in material
utilization, although such practices were not observed at either site. Using site-level data, including
daily working hours (8 hours/day), monthly working days (22 days/month), non-working months per
year (2 months/year, July and August), and total annual working days (220 days/year) which were
consistent across both study areas the following simple arithmetic formulas were applied to estimate

gravel and sand production.

Daily production capacity

[Dp] = Measured value from site per 8 hours of daily working time . eqn (2)

Monthly production
_ _ days
[Mp] = [Dpod = Dpx22 month] ............................................. eqn (3)
Annual production
_ _ days
[4p] = [YaxMy = 220522 XM, |- eqn (4)
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Useful product (sand and gravel)

[Up] = [Tex ELeveeeiiii eqn (5)
Total mass of sand and gravel produced (ton/year)
[ Total Output sand t
[M,] = | (useful + not useful) x1.6— ] ............................. eqn (6)
[ Total Output sand t
[M,] = | (useful + not useful) X2.6— ] ............................. eqn (7)
Total average sand and gravel produced t/year)
[At] _ [Total sand production +2Total Gravel production ] ............ eqn (8)
Where:
M, - Monthly product (tons/month or m3/month)
D, - Daily product (m3/day-measured)
My - Number of monthly working days (days/Month).
H.- Effective working hours per day
Ap- Annual product (m3/ year)
Ya- Total working days per year (days /year)
Te- Total raw material crushed/produced (m?/year)
E- The conversion efficiency, based on site data, was (75% sand and 95% gravel)

On average, 85%, meaning that 85% of the total crushed raw material

was converted into usable product.

Assumptions and justifications: This operational consistency was assumed across the study period,
including daily working hours, annual operating days, crusher types, equipment efficiency, and
material characteristics. Applying uniform assumptions across all the sites also helps to minimize
systematic bias and enables comparative assessment of environmental performance among quarries.
Thus, accordingly, using the above relationships and the measured data from both sites, the volume
of manufactured sand has been converted into useful sand, along with the gravel produced at each

site (Table 3.2), and has been calculated as detailed in Annex VI.
3.3.3.2.2 Estimating GHG emissions from material flow

Next to the collection of input-output data using the LCI method, the greenhouse gas (GHG)
emissions from the manufactured sand and gravel production process were estimated under the

framework of the stated system boundary. The emission factors for diesel combustion and electricity
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use were adopted from the IPCC Guidelines for National Greenhouse Gas Inventories. These factors
are widely used in LCA studies and provide robust default values in the absence of site-specific
emission measurements. Their application ensures methodological consistency, transparency, and
comparability with other studies in the construction materials sector. Well-to-wheel diesel emission
factors and simple arithmetic calculation methods, in line with EN 15804+A2, were used to estimate
greenhouse gas emissions. In this case, the major inputs at the project site included the total diesel
and electricity consumed, the volume of materials crushed, the bulk density of both materials, and
the well-to-wheel diesel emission factor(USEPA, 2020). Also, the Ethiopian grid's emission factor
from the GHG protocol/climatic data is reported as 0.0164 kg CO2e/kWh (Climatiq, 2017), and for
diesel, it is 2.65kg CO2e/L. Accordingly, the CO2e was calculated as follows, with a detail presented
in Annex-II(b).

Electricity COze

CO2¢jectric = [Annual Electricity consumption KWh]|x[Grid EF]............................ eqn (9)
Diesel COze

CO24iesel = [Annual diesel consumption in litter |x[Emission factor for diesel]....... eqn (10)

[Annual diesel consumption(L)|x[EF for diesel]

CO,e per tonne = Ammual production (§) "t eqn (11)
The total annual operational CO:e
Total COze = CO2¢lectric T COZgiegel - «vcvvenremeenenmanmanennentant ettt eeaeeenenn eqn (12)

The electricity consumption was calculated as the total electricity used by the electrically powered
crushers in both study sites. Similarly, the annual diesel consumption was determined as the total
diesel used by trucks, excavators, crushers, impactors, screening machines, water collection trucks,

and loaders within the sand and gravel production compounds.
3.3.3.2.3 Estimating water spraying and efficiency for dust supervision

Freshwater use for dust suppression (m?*/year) was measured on-site and normalized to production
output following EN 15804+A2 guidance. According to the technical manuals and guidelines of the
U.S. EPA (U.S.EPA, 2023), control efficiency measures how much or the percentage of dust
emissions is reduced by water spraying, while water intensity indicates the total volume of water used
per unit of material produced. Besides, the uncontrolled dust emission was assessed using equation

(13), which was calculated as 1,085.571b/year, though applying the control efficiency factor (CE)
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0.0061b/ton for watering, and 1 1b = 0.454 kg as per the US EPA AP-42. Although AP-42 does not
provide explicit values, wet suppression typically reduces particulate emissions by 50-90% (70% on
average), depending on application and particle sizes. Next, the controlled emission is calculated

using Eqn (14), which is 325.671b/year as detailed in Annex 1.

Upg = [EFIX[M; ]oeii e, eqn (13)
Ce=[UelX[1 = Coleeririii eqn (14)
A = U =GR eqn (15)
Absolute reduction
Co= [ oot emission] g (1117 eqn (16)
Where:
Ck Controlled emission

EF Emission Factor

A; Absolute reduction

U. Uncontrolled Emission

Ce Controlled efficiency (i.e., 70%)

The land use land cover change impacts were quantified using GIS-based mapping for the last 20
years (2005 -2025), to track the amount of annual disturbance per study area, with no subsequent
rehabilitation implemented. The quarry byproducts, mainly unusable fines, were incorporated into
the study as on-site waste disposal, thereby contributing to land occupational impacts. The functional
unit was defined as 1 ton of product at the quarry gate. System boundaries were restricted to modules
A1-A3 (cradle to gate) as in Figure 3.2 While the study does not include excavated topsoil,
downstream transportation, or use phase impacts, and therefore does not encompass all mandatory
impact categories specified under EN15804+A2, it provides a transparent and robust characterization
of the principal environmental indicators, namely greenhouse gas emissions, land disturbance, waste
generation on site, and water use. Furthermore, the study accounted for mitigation measures, such as
dust supervision via water spraying, and the socio-economic contribution of quarry operations, in

terms of local employment generation.
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3.3.5 Data analysis methods used

3.3.5.1 Descriptive statistical analysis

The study used statistical software (STSTA) to analyze the quantitative data from survey

questionnaires. Excel was also employed for the development of graphs and tables. Qualitative data

were analyzed contextually, with direct quotes from interview respondents incorporated to provide

deeper insight. These descriptive analyses, including the assessment, were critical in establishing the

socio-economic footprint of manufactured gravel and sand production areas, particularly in terms of

short-term job creation, and helped identify patterns that guided further analysis.

3.3.5.2 ArcGIS tools

The different ArcGIS tools were used for final data analysis including image classification, change

detection, transition matrix analysis, spatial overlays, a rea and rate -of -change computation, and

accuracy assessment of the three LULC changes as presented hereunder.

Image pre-processing: After data acquisition, the imagery was preprocessed to ensure suitability
for analysis by correcting distortions and improving image quality, visual interpretation, and
spectral separability (Chuvieco, 2020). The Landsat images were preprocessed using ENVI 5.2
and ArcGIS, including layering, stacking, georeferencing, resampling, and projection (Maini &
Aggarwal, 2010). All spectral bands were stacked into a single composite image (Srivastava et
al., 2012), and datasets were projected to WGS84 UTM Zone 37 North. Pixel values were
standardized to enable accurate comparison and change detection, and the making techniques
were applied to extract the study area.

Image correction and enhancement: To improve image quality and analysis (Vermote et al.,
2016); the two correction methods, radiometric and geometric correction, were applied.
Radiometric was used to improve brightness and reduce noise and atmospheric effects by
converting digital numbers into surface reflectance through atmospheric correction and image
calibration (Lillesand et al., 2015). This included converting digital numbers to top-of -
atmosphere radiance and reflectance (Ha et al., 2020). All images were level 1 data, meaning they
were already geometrically corrected and orthorectified. Atmospheric correction was further
applied using the dark pixel subtraction method (Chavez Jr, 1988). Reflectance calibration,
producing unitless values between 0 and 1, enabled comparison (Micijevic et al., 2021), and

mosaicking of images from different Landsat sensors (Chander et al. 2009).
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Image classification: This step involved the supervised classification of the landscape into
distinct LULC classes. The main LUCLC categories/types identified were Farmland, bushland,
and bareland from manufactured sand and gravel special expansion over the last 2 decades. False
color composite images were created using band combinations 4-3-2 for TM and ETM+ images
and 5-4-3 for OLI images(Lasisi et al., 2017). Based on spectral responses and field observations,

three LULC types were identified, with their descriptions provided in the table.

Table 3. 3: Land use types in both study areas

LULC types Description

In the context of bare land expansion, it often represents recently cleared or disturbed
land that has been converted from farmland and bushland for sand and gravel
production, and is characterized by low vegetation coverage and distinct spectral
reflectance in satellite imagery. This definition aligns with standard land-cover
descriptions that classify bare areas as having minimal vegetative cover, often less
than one-third of the surface (Mekonnen et al., 2018).

Bare land

Comprises lands used for temporary crops, especially plots that alternate between
growing and fallow phases or are dominated by seasonal agricultural cycles. This
Farmland includes cultivated fields and grasslands used for food production. Several land-
use/cover classification schemes refer to agricultural lands in this way(Eggen et al.,
2016).

Describes areas covered by shrubs, small trees, and bushes, often mixed with grasses.
For instance, studies define shrubland as having greater than 20% shrub cover and
low tree canopy cover (Mariye et al., 2024).

Bushland/Shrub
land

Accuracy assessment: Accuracy assessment is crucial in LULC classification, as it helps identify
errors arising from preprocessing, interpretive techniques ( manual and automated), image
systems, and sampling and accuracy calculation methods (Foody, 2002). Because a map user is
concerned with the map’s dependability or its accuracy in reflecting the actual conditions on the
ground (Congalton & Rekas, 1985). Thus, classification accuracy is commonly expressed as the
percentage of correctly classified map areas compared with reference and ground truth data (Story
& Congalton, 1986). Accuracy is typically derived from sampling results presented in an error (
confusion) matrix, where reference data were compared with classified data (Rwanga &
Ndambuki, 2017), to rectify the calculated Kappa statistic strength of agreement in the table

below.
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Table 3. 4: Rating criteria of Kappa statistics

Kappa Statistics Strength of Agreement
<0.00 Poor

0.00-0.20 Slight

0.21-0.40 Fair

0.41-0.60 Moderate

0.61-0.80 Substantial

0.81-1.00 Almost Perfect

Source: Adopted from (Rwanda e.t.1,2017)

Various measures, such as overall accuracy, producer’s accuracy, user’s accuracy, and kappa
coefficient, were calculated to evaluate classification accuracy and compare independently classified
images to detect land cover changes (Liu & Mason, 2016). The concepts and their calculations are
well-documented in the literature (Congalton, 1991; Congalton & Mead, 1983; Hudson, 1987; Smits
etal., 1999).

N Y XYl (X x+y)

K= 2SI (re K T eqn (2)

K Kappa coefficient

N is the total number of sites in the matrix
r 1s the number of rows

xii  is the number in row i and column i

x+1  is the total for row i

xi+  is the total for a column

This formula is used to compare independently classified images to identify land cover type changes,
with the ‘K’ value calculation outlined accordingly. Hence, Kappa analysis yields a Khat statistic (an
estimate of KAPPA, equation 1) that is a measure of agreement or accuracy (Jensen, 1996). When
the remote sensing-based data’s overall accuracy assessment exceeds 80%, which signifies a notable
precision level in identifying land use and land cover that is in harmony with verified ground data

(Abbas & Jaber, 2020).
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= Change detection: Change detection of three land use and land cover classes was conducted using
post-classification comparison or change vector analysis techniques, with post-classification
comparison providing the highest accuracy. This approach, based on the MLC algorithm and
Landsat data, involved converting classified raster images into vector layers to calculate and
present LULC changes for each class. Before finalizing the LULC map, reference data were
compared with the classified map using a confusion matrix, and statistical accuracy measures
were applied to evaluate map quality, with necessary corrections made during mapping (Sun et
al., 2009). Finally, the LULC changes analysis over two decades was integrated with the
environmental impacts from rural-urban linkage in terms of manufactured sand and gravel
utilization. The LUCL change analysis outcome was also supported by the ground-based

observation and interviewed residence ground-based data.

3.3.5.3 Life cycle assessment under the cradle -to-gate system boundary

The life cycle assessment was employed to quantitatively analyze the environmental impacts
associated with the input-output module of the manufactured sand and gravel, which aligns with the
En 15804 +A2 environmental standards (EN 15804, 2012). The impacts generated at the production
level include energy use and emissions. This method also supported the identification of processes
with the highest impacts, enabling the assessment of critical processes contributing to environmental

burdens and integrated with the social impacts and existing mitigation measures.
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Stepes used for LULC analysis map development of the manufactured sand and gravel in
Tabias Hareko and Messebo crushers over the last 20 years [2005-2025]
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Figure 3. 4: Manufactured sand and gravel data collection and analysis flow map using GIS and RS
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

The major findings of the study focused on three main specific objectives and their alignment with

other related research findings areas, summarized below.
4.1 Volume of construction material flow

4.1.1 Manufactured sand and gravel overall aim analysis

According to ground observations and discussions with residents and crusher owners, the findings
also indicated that the rural and urban sampled respondents were benefiting from the production,
while the environmental effects had become a persistent problem. However, following the
devastating two-year conflict in Tigray, clear issues of data inconsistency and reliability were
observed at both the site and main office levels, potentially affecting research quality. This result is
consistent with the findings of (Bruton et al., 2000), which showed that inconsistent data and
unreliable measurements can cause errors, bias, and misinformed decisions, undermining research

trustworthiness.

Thus, the research was not fully capturing the urban—rural linkage in terms of local construction
material use before the war, except for land use and land cover changes, which were tracked over the
last 20 years using GIS and RS techniques. The two major local construction materials developed and
transported to Mekelle city in this study are sand and gravel developed through sedimentary rock
crushing and hard limestone, respectively, using diesel and electric-powered stationary and mobile

crushers.
4.1.1.1 Volume of manufactured sand

The study findings indicated that approximately 88,880 m?
of sedimentary rock were crushed within the study area

using both diesel- and -electricity-powered crushers at

Messebo and four crushers at Hareko. Of this total, an o

estimated 75 percent (66,660m?) was converted into usable | a4

construction-grade sand. In comparison, the remaining 25

percent comprised fine dust and oversized fragments that e eto

were stockpiled, backfilled, or reused for site leveling taken by the researcher, June, 2025

“rar

purposes. Despite the steady production volume, local market demand for manufactured sand

declined mainly during the rainy season, when rivers are filled with natural sand. This was largely
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due to the manufactured sand’s very fine grain size and relatively weak structural integrity. When
exposed to prolonged sunlight and wind, the fine particles tended to further break down and resemble
fine soil, thereby reducing their suitability for structural applications such as concrete and masonry
works. Respondents from the urban area, who have experience and skills in the construction sector,

particularly in plastering, explained that

“Even though manufactured sand is a suitable alternative to river sand, its demand

decreases when river sand is more available due to its finer particles, higher cement

Figure 4. 2: Sample photo of the

. . _ manufactured gravel at the Tabia
impact on concrete durability. Production centers are \jessebo sites photo taken by the

requirement, poor water retention, and potential

expected to improve particle size to meet user needs Yesearcher, June, 2025

’

and the national standards of not less than 0.15mm.’

This finding is directly consistent with (Tan et al., 2023), which demonstrated that manufactured sand
concrete maintains comparable bending strength and durability to river sand concrete when used

within the 0.15-4.75 mm range.

“In the city, crushed sand is now used as an important substitute when river sand is hard
to find, helping construction work continue without interruption. Early tests show that
when some of the cement or river sand is replaced with crushed rock dust, the concrete
becomes harder to mix and less smooth to work with as more dust is added. However,
using a moderate amount of crushed dust can actually make the concrete stronger and
last longer. This means builders may need to adjust the mix or test it more to make sure it

has the right balance of strength and workability.”

This ground-based quote is also consistent with other studies of (Rafi and Aziz, 2022), who reported
that moderate replacement of river sand with crushed rock or stone sand around 20-50% enhances

concrete strength, stiffness, and durability while reducing water absorption.

Manufactured sand has become an essential alternative to river sand in urban construction,
particularly during dry seasons or when the extraction of natural river sand is very limited and costly.
As noted by local construction engineers, this adaptation is crucial in the absence of accessible river
sand. However, the manufactured sand often exhibits particle size variations, with some particles

measuring as small as 0.15 mm or smaller.
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To mitigate potential issues such as increased dust formation and reduced particle cohesion, moisture
control practices are essential. These include regularly spraying water over stockpiles and providing
shade to preserve the sand's moisture content until use. This idea is also aligned with the experimental
investigation result of (Nguyen et al., 2022); blending manufactured sand with river sand can
influence the mechanical properties of concrete, highlighting the importance of managing the
moisture content in such mixtures. This indicates that the interviews with construction engineers
confirm that these moisture control practices are effective local adaptation techniques. They help
minimize dust formation and preserve particle cohesion, demonstrating the technical ingenuity of
local producers in responding to material limitations and climatic conditions. These low-cost,
context-specific practices not only enhance the usability of river sand but also contribute to
sustainable construction practices by reducing reliance on natural river sand. Furthermore, this also
supports the funding of (Mamo et al., 2024), the result showed that utilizing alternative fine gravel
can ensure a circular economy in the construction industry and reduce the consumption of natural

river sand by approximately 30%.

The transportation pattern of the manufactured sand was found to be unregulated and consumer-
driven, with most buyers organizing their own logistics directly from the crushing sites. In some
instances, crusher operators delivered sand to clients upon request, particularly when bulk orders
were made. The average transportation distance ranged between 10.5 and 45 kilometers, depending
on the proximity of the construction site to the quarry and road accessibility. Delivery was typically
conducted using medium-capacity diesel trucks with 16 m? loading capacities, and trip frequency
varied according to construction season and demand level. This uncoordinated transport system,
where vehicle loading, fuel consumption, and delivery frequency were not systematically tracked,
supported the adoption of a cradle-to-gate boundary in the analysis. This finding is also supported by
the recent study by (Teku,2025), which reported that covering all activities from raw material
extraction to the delivery of manufactured sand at the construction site or batching plant. Within this
boundary, the three sampled sand and gravel trading centers in the city (Mekelle) directly purchased
5 to 50 truckloads (equivalent to 80 cubic meters per month and 800 cubic meters per year) from the
production site, which corresponded to 12 % per year of the useful sand production. Although the
manufactured sand from sedimentary rock was less preferred than river sand due to its fine texture
and susceptibility to weathering, it played a crucial role in maintaining the continuity of local

construction activities throughout the year. In the marketplace (detailed in section 4.2), the near-total
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absorption of available output indicates that demand for non-riverine sand has become well
established, especially during the dry season, when riverbeds are depleted of flood-borne sand and
trading centers depend heavily on alternative sources. However, the price variations compared to
river sand reveal that buyers remain highly sensitive to product quality parameters such as particle
size, texture, and cleanliness. These results highlight the technical and operational resilience of local
crushing enterprises and emphasize the importance of enhancing local material management practices
to optimize the quality and performance of sedimentary rock—derived manufactured sand within a

cradle-to-gate production framework.

This untapped potential in Tigray, which uses manufactured sand rather than river sand, has already
created both environmental and social impacts and risks. The key points observed include: entails
substantial energy use and emissions, land use and land cover change, and its extended environmental
degradation from a lack of mitigation measures. Because the operation did not recycle by-products,
the solid waste accumulation posed risks of land degradation, dust release, and inefficient resource
utilization. For instance, during the study period, the number of active sand crushers was four. Still,
the production capacity of the three smaller crushers was minimal and mainly served nearby local
markets such as Adigudom. Nevertheless, these crushers contributed to temporary job creation while
also causing environmental problems due to increased diesel consumption and changes in land use
and land cover over the past 20 years. Besides, more than five investors submitted proposals to the
Tigray Agency for Environmental and Climate Change Protection to install additional sand crushers
at the site, focusing on the physically observed, rock-dominated sedimentary formations in highly
suitable zones. The main concern was that, although demand for construction materials was
increasing, attention to environmental and social impacts and the implementation of risk mitigation
measures were almost entirely neglected at all administrative levels. A similar trend has been
observed in other developing regions where sand mining oversight remains weak (Akanwa et al.,
2025). Furthermore, because no detailed scientific study had been conducted to assess the site’s
potential for sustainable sand production without degrading the surrounding landscape, and because
consultation with local communities was minimal from the outset, the risk of irreversible social and

environmental damage was high, which is consistent with the finding of (Vélez-Torres et al.,2024).

4.1.1.2 Volume of manufactured gravel for construction
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The production of local construction gravel is obtained by crushing hard limestone with electrically
powered mobile crushers. Only three crushers with significant variance in production capacity and
time of establishment were found to be functional, supplying gravel to the city’s construction market.
The average total production was estimated at 84,480 per year, as detailed in Table 4.1 and its detailed
calculation in Annex II (a). The production process was relatively efficient, with only 5% of crushed
stone becoming byproduct output, which was dumped around the crusher sites without any immediate

or long-term mitigation measures.

The primary reason for the lower byproduct was that operators selectively transported high-quality
stone, converting most of the material into usable output with minimal loss. However, this approach
may not be sustainable over time, as the most accessible material could become depleted. This may
lead to intensified cutting and filling activities, resulting in further bushland loss and associated
adverse effects such as land degradation, reduced vegetation cover, and the decline of key native
species, including honeybee flora. These findings are consistent with those of (Prakash and Budhwan

2024, Yihdego et al., 2018).

Individuals who have asked for a temporary place for local construction material trading with the
sub-city municipal in the city’s temporary sand and gravel trading centers purchased approximately
1,120 cubic meters of gravel per annum, directly from the sources. Market demand for the produced
gravel remained strong and consistent, and no major issues were reported regarding particle size
distribution, supported by the uniform quality of gravels classified as 00, 01, and 02, though there is
no regulation for crushed particle sizes, as it varies based on local demand. However, similar to the
sand production, gravel production created environmental and social impacts over the past 20 years
(2005,2025) in terms of land use and cover changes, such as reduced farmland, land degradation, and

vegetation loss, as detailed in section 4.2.

Table 4. 1: Summarized volume of manufactured sand and gravel across 7 study crushers

Working periods Production
: Daily Average | productio Useful

Daily Yearl . | Monthl product

. Monthly producti Yearly n .

Input category workin i y y _ _ on
g WORIRE | orki | " product productio | efficienc
days/mo measure | . n y (%) m3/yea
hours/d nth ng d ionm3 r
3/Y

ay days m’/day /Month ;m car

52



Manufactured
sand for . 8 22 220 404 8,888 | 88,880 75 66,660
construction

(Hareko)

Gravel for
construction 8 22 220 384 8,448 84,480 95 80,256
(Messebo site)

Total Average 8 22 220 394 8,668 86,680 85 73,458

Source: Survey data result, 2025

4.2 Economic and environmental impacts from local construction material flow

Across the two production tabias, a total of 17 crushers were identified, five for sand production at
Hareko and twelve for gravel production at Tabia Messebo. Still, only 41.2% were operational (three
at Messebo and four at Hareko). Reduced functionality was largely due to the two-year war and its
lingering effects, including spare part shortages, high maintenance costs, fuel scarcity, and limited
access to loans, which severely affected material output, socio-economic performance, and data
reliability. Despite these constraints, the crushers employed approximately 250 rural and urban
workers, maintaining a sustained supply of construction materials to the city. Environmental and
socio-economic conditions observed at quarry sites and selected urban sampling points are assumed
to represent typical rural-urban linkages in the study region. Finally, the analysis assumes a lack of
circularity within the system boundary; quarry by-products are considered to be discarded without

significant reuse or recycling, reflecting current operational practices at the study sites.

The key environmental impacts under the cradle-to-gate system boundary included greenhouse gas
emissions from diesel and electricity use, quantified per ton of material produced to allow
comparisons across sites and scenarios. Farmers’ perceptions revealed a clear disconnect between
formal mitigation measures and actual practices on the ground, while environmental and social
pressures were observed at temporary distribution centers within the city, and by-product dumping
contributed further to local environmental impacts. The economic assessment indicated that the
crushers supported job creation within the study areas and the city, provided community-level
economic support from investors, and facilitated rental payments to farmers who leased their

farmland, all of which was evaluated in relation to local proclamations and policies.
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Figure 4. 3: Site observation in both sites and on-site data collection, photo taken by the

researcher, June, 2025

4.2.1 Socio-economic impacts
4.2.1.1 Gender (sex) of respondents

Table 4.2 indicates a clear male dominance among sampled respondents, reflecting the limited female
participation in direct crusher operations. The 70:30 male-to-female sample ratio ensured female
perspectives were included. Women were mainly involved in ancillary and supervisory roles, such as
food preparation, vending, operating small refreshment stalls, handling cash, organizing production
schedules, and overseeing minor production activities. Men, on the other hand, carried out physically

demanding tasks, including crushing and loading.

The observed gendered division of labor had multiple implications. First, it constrained women’s
direct engagement in high-income activities, yet their involvement in ancillary and organizational
roles contributed significantly to household income and livelihood diversification. Second, it revealed
socio-cultural norms that shape labor allocation in rural production sites, indicating potential barriers
to increasing female participation in direct production tasks. These findings suggest that interventions

targeting skill development, workload sharing, and supportive infrastructure could enhance women’s
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participation in higher-value activities, improve overall site efficiency, and strengthen household

economic resilience.

Table 4. 2 The sex of the sample respondents, rural and urban residents

Sex Freq. %
Female 24 30%
Male 56 70%
Total 80 100%

Source: Survey data, 2025
4.2.1.2 Age of respondents

As presented in Table 4.3, 51% of the respondents were in the age group of 31-40 years, except for
those aged 41 years and above. This age group indicates that the demanding nature of the
manufactured sand and gravel production requires early to mid-adulthood due to physical strength,
productivity, and active engagement. According to ground observation findings, respondents aged 41
years and above were engaged in supportive roles, particularly guarding production sites. This
suggests a shift toward less physically intensive work with age. While participants among those under
30 years old were observed to be low, next to those above 41 years old. This was observed in relation
to the alternative employment choice offering better wages, flexibility, and improved working
conditions. These findings indicate that manufactured sand and gravel production depend on middle-
aged workers for core production activities. This age distribution has implications for labor allocation,
workforce sustainability, and the long-term planning of production operations, emphasizing the need

to balance physical demands.

Table 4. 3: Age of sample respondents, rural and urban residents

Age categories Freq. %
19-30 33 41%
31-40 41 51%
>41 6 8%
Total 80 100%

Source: Survey data, 2025
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4.2.1.3 Highlight about the socio-economic profile of the respondents

Figure 4.4 shows that the socio-economic conditions of the sampled respondents were largely
dominated by agricultural activities, with 85% engaged in farming. Crop and livestock farming is the
most common livelihood, representing 35% of respondents, followed by rainfed crop farming (26%)
and rainfed farming with supplementary activities (24%). This indicates a heavy reliance on rainfed
agriculture, which exposes households to climatic vulnerabilities such as drought and irregular
rainfall, as also explained by the respondents. A smaller portion of respondents from the urban study
areas were employed outside agriculture, with 7% working as guards in the public and NGO bureaus,
5% as daily laborers, and 4% engaged in informal sector activities, reflecting limited income
diversification. The findings highlight the need for interventions focused on climate-resilient
agriculture, income diversification, and the expansion of formal and informal employment
opportunities to improve livelihoods and reduce vulnerabilities among the rural and urban

populations.

Highlight about socio-economic condition of respondents

Total |
. . 100
Rainfed crop farming E 26
Rainfed farming,
livestock & beekeeping i 24
Crop and livestock farming  |— 35

uard in the public & NGO sector i 7

g of livelihood activities

1

L

Informal sector activities i 4
(e.g., shoe cleaning)

Daily laborer in i 5
the construction sector

0 20 40 60 80 100 120

Percent of respondents
Source: Survey data, 2025

Figure 4. 4: Highlight on socio-economic profiles of sampled respondents
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4.2.1.4 Socio-economic analysis: local construction material flow

4.2.1.4.1: Positive socio-economic impacts of manufactured sand and gravel
a) Socio-economic impacts at crusher sites (Rural)

Short-term job creation: At the rural quarry and crushing sites, the construction material sector
constitutes a major non-farm livelihood opportunity. The field observation and 84% of the total
sampled respondents and interviews, including operators, indicated that each production site employs
between 60 and 81 workers directly in extraction, crushing, and loading operations, with an age range

presented as in Table 4.4.

Table 4. 4 Average wage rate per employee per study area

Hareko Tabi M
S/n | Parameter -abla essebo Remark
Symbol | site (Sand) | site (Gravel)
Direct employees per
site (sum of 4 crushers Total labor, the sum of the
81 1 tors, load rt
1 | in Hareko and 3 (1] 60 (3 femate) | Operators, loaders, sorters,
crushers in Messebo A Female) drivers, managers, guards,
site) and food makers per crusher
) Average daily wage per B 286 286 Site interviews +
employee payroll/payment sheet
3 Average total daily - 71.766.0 53.160 Y = [a] X [b] the same, for
wage per crusher o ’ crushers
Average total daily _ . .
4 wage circulation for all 71,766.0 53,160 X = [Y]x [17] , which
crushers X was found same for crushers

Source: Survey data, 2025

The tabular data shows that a total of 141 daily employees across both sites provided a stable source
of income, particularly during the agricultural off-season. Daily laborers, including site guards,
reported engaging in crusher operations as a coping strategy for declining crop productivity due to
rainfall variability and land scarcity. Employment was prioritized for residents who leased their
farmland for crusher installation, demonstrating that rural sand and gravel production serves both as
an income stabilizer and as a driver of local economic circulation, while maintaining a steady supply

of construction materials to urban centers.
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The average gross daily wage of 886 ETB/day was lower than that of typical agricultural labor during
harvest (975 ETB/day), yet households continued participation due to the proximity of production
sites, which reduced transportation and meal costs and allowed income diversification. Wage
similarity across crushers in the two rural sites masked significant differences in benefits such as
safety equipment, PPE, overtime payments, and performance incentives, which were largely
determined by crusher size, management capacity, and operational scale. Larger, well-managed
crushers offered better welfare packages, enhancing labor motivation, retention, and safety
performance, while smaller or newer crushers provided limited or no additional benefits, affecting

workers’ job satisfaction and livelihood outcomes.

Technological limitations were a major constraint on productivity. Most crushers were semi-
mechanized diesel-powered units operating below capacity due to mechanical downtime, poor
maintenance, limited technical expertise, rising diesel prices, and supply shortages. Interviewed
owners reported that electric-powered crushers increased output by 15-25% and reduced fuel
dependency, but unreliable rural electricity and limited access to credit hindered adoption. Evidence
from recent case studies indicates that electric crushers can reduce energy use per ton by 35% and
lower dust emissions by more than 60%, highlighting opportunities to improve operational efficiency

and environmental sustainability.

Gender inclusivity remained weak, with men representing 97% of employees. Women'’s participation
was limited to roles related to cash handling, resource management, and ancillary services such as
food preparation and small-scale vending near crusher sites. These activities provided only a minor,
uncertain source of income, constrained by a limited customer base and laborers' low spending
capacity. In urban trading settings, sand and gravel operations were entirely male-dominated,
reflecting social norms and the perceived physical difficulty of the work, consistent with other studies

(TheGlobaleconomy.com, 2024).

Overall, the findings indicate that sand and gravel production provides essential livelihood support
and local economic benefits, but operational inefficiencies, limited technology adoption, and low
gender inclusivity constrain productivity, labor welfare, and environmental performance. Addressing

these challenges through targeted infrastructure investment, improved management, and inclusive
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labor policies could enhance both the sustainability and socio-economic impact of rural sand and

gravel production.
b) Socio-economic impacts at manufactured sand and gravel trading sites (urban)

The three sampled sand and gravel trading centers purchased materials directly from main distribution
hubs and resold them to local buyers based on demand, providing flexible purchasing options that
allowed customers to acquire quantities suited to their income and construction needs, from small
portions to full truckloads. These operations generated temporary employment for approximately 180
workers per year, with an average daily wage of 800 ETB, though the number of working days
fluctuated with construction activity and material demand. This highlights the role of trading centers
in sustaining livelihoods and providing income diversification, particularly during periods of

agricultural uncertainty.

Trading data analysis result showed (Annex IV) that manufactured gravels and sand were purchased
at an average cost of 50,150 ETB per truck and resold at 55,630 ETB per truck (16 cubic meters),
while manufactured sand was bought at 32,500 ETB per truck and sold at 42,909 ETB per truck.
Price variations were driven by transportation costs, truck rental, and rising fuel prices, reflecting
both operational and energy-related considerations. Trading activities were dynamic, with sellers
relocating to areas of higher construction activity rather than maintaining fixed centers, which
influenced labor demand, operational efficiency, and energy use. On average, the centers earned
15,889 ETB per month from two trucks of sand and gravel, demonstrating their economic importance

for local livelihoods despite socio-economic fluctuations and conflict-related disruptions.

Seasonal patterns significantly affected supply and demand; for example, the river sand prices were
higher during the rainy season (September—December) due to replenishment, while manufactured
sand remained a cost-effective alternative. During the dry season, scarcity and mixing of river sand
with clay or shale increased reliance on manufactured sand, illustrating its role as a substitute material
that reduces pressure on natural riverbeds. The finer particle size of manufactured sand, which
requires more cement in construction, also contributed to price differences. Traders mitigated quality
issues and dust emissions by spraying water on manufactured sand, demonstrating practical
environmental management strategies that enhance material usability and reduce airborne particulate
pollution. This indicates that manufactured sand and gravel played a key role in ensuring a continuous
supply, stabilizing local construction markets, and maintaining economic resilience, particularly

during seasonal or resource fluctuations. Therefore, these local construction flow when paired with
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sustainable management practices and environmental-social mitigation measures such as controlled
extraction, dust suppression, and optimized transport, local sand and gravel trading can
simultaneously support livelihood security, resource efficiency, and environmental resilience in rural

and urban supply chains.
4.2.1.4.2: Negative socio-economic impacts of manufactured sand and gravel

The study identified several significant social impacts and risks associated with manufactured sand
and gravel production, including reduced farmland, livelihood losses, health hazards, and cultural

disruptions.
Primary impacts

Decrease in farmland: The LULC analysis map over the last 20 years shows a significant reduction
of farmland across the study areas. This reduction is also contributing to the decline in farmland size,
as 10 ha of farmland owned by 29 farmers has already been consumed for crusher installation, crew
camp, and production. This reduction has further led to a decline in crop production and productivity
per hectare, although there may be many other factors associated with this. From the direct field
observation, the farmlands near the crushers were exposed to compaction from mining machinery
and disturbance. This can also contribute to lowering the surface water infiltration capacity of the soil
and reducing nutrient uptake by crop roots due to decreased porosity and root penetration caused by

compaction problems.

This, together with the dramatic increase in bushland reduction over the last 20 years, has left the
area exposed to wind and water erosion and has made it easily stripped of fertile topsoil, directly
harming crop production. These findings are also consistent with other scientific results in Ethiopia
(Elnourani et al., 2024; Gashaw and Aklilu, 2020; Tegenge, 2022), which show that improper waste
dumping from crushers, integrated with their expansion, directly accelerates farmland degradation
and loss, intensifying competition over shrinking agricultural land. In addition to these results, the 67
participants, including those who lost their farmland, expressed dissatisfaction, noting that payments
for leased farmland did not reflect the long-term value of their land or potential income loss. The
decline of farmland size, combined with the clearly observed soil degradation and its on-site and off-
site effects, the destruction of grazing land and the removal of essential grazing bushlands, and the
loss of the bee flora affecting honey production, are all contributing to reduced livelihood income for

farmers. However, further research is needed to quantify these impacts using evidence-based data.
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Key informants at the Hareko site reported concerns over soil fertility loss from machinery and

compaction, highlighting weak enforcement of regulations. Also, they said:

“A formal lease permitted manufactured sand extraction on my farmland, offering payment
and jobs for my family, yet it did little to improve our living conditions. Worried about
lasting damage to soil fertility from heavy machinery and compaction. This is integrated
with weak regulatory enforcement. I approached the investor to pursue a more sustainable

approach.”

This shows that crusher dust and excavation activities have degraded topsoil quality and key essential
soil nutrients, and that dust settling on crop leaves has directly contributed to crop yield production

and productivity.
Secondary impacts

Health risks: Site observations and results from structured questionnaires indicate that crushers
release a large amount of particulate matter or dust into the local air. Observations showed that
workers lacked proper personal protective equipment, relying on improvised coverings such as
mattresses, while intermittent water spraying limited dust mitigation. Workers inhaled dust
continuously over periods lasting weeks and sometimes months, with greater effects among daily
workers who have long-term conditions such as asthma. Besides, 100% of employees or daily
laborers across the study areas reported eye redness, itching, and watering as the most persistent
problems at the crusher sites, while skin dryness and rash were also common among nearby residents.
Stress, nighttime sleep disturbance, and ringing in the ears were also frequently reported impacts of
the crusher's operations. These results also aligned with other related scientific research in Ethiopia
(Ahadzi et al., 2020; Asgedom, 2023; Ashuro et al., 2023; Endalew et al., 2019; Farnham et al., 2020;
Upadhyaya,2021), which reported that residents and workers near construction material mining areas
in Africa, particularly Ethiopia, face significant respiratory and health risks, exacerbated by dust,

blasting, and limited protective measures, even though these activities support rural livelihoods.
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Figure 4. 5: Air pollution from dust particles at the manufactured gravel

production sites, photo taken by the researcher, May, 2025
The study also highlighted that the continuous dust and particle matter exposure that animals inhale

while grazing nearby causes respiratory problems, especially in young animals. Residents also
explained that wild animals and livestock do not stay near crusher sites, particularly during operation
times, and observed signs of shock and fear when crushers are operating and crush large stones.
Besides, rural dwellers who participated in the study reported that grazing lands and plants with
settled dust become less palatable. Settled crusher dust can also lower photosynthetic efficiency and
plant growth by blocking stomata, affecting flora diversity and quality, and reducing light

interception.

This indicates that ingesting contaminated feed can lead to long-term health effects. Dust can also
alter local soil PH and nutrient balance, reducing nitrogen, phosphorus, and organic matter
availability needed for healthy plant growth. These findings are consistent with scientific research
from other parts of Ethiopia (Bareke & Addi, 2020; Bareke et al., 2025; Gebru et al., 2016; Rehman
etal., 2021; Ricigliano et al., 2025), which show that dust exposure harms livestock health by causing
respiratory diseases such as bronchitis and pneumonia in cattle, while dust-covered vegetation lowers

forage quality, reduces availability, and increases injury risk, affecting overall productivity.

Cultural and community impacts: the LULC analysis map has already shown that crushers alter
landforms, vegetation, and water resources that hold cultural meaning, which are affected by constant
noise, dust, and reduced environmental quality. The physical and psychological stress caused by
noise, dust, and environmental degradation can reduce community participation in cultural events.
The degradation of culturally significant bushland has weakened traditional connections to the
landscape and threatened heritage. Combined with land loss, reduced natural resources, and

occupational hazards, these impacts illustrate the broad spectrum of social risks linked to sand and
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gravel production, emphasizing the intersection of environmental, health, and cultural concerns.

Besides, the reduction of farmland over the last 20 years has negatively impacted the cultural heritage.
This is supported by the direct quotes of the interviewed farmers, who said:

“The reduction of our farmland as a result of crusher expansion has forced our children
to take up wage labor to meet daily food needs. This is causing them to spend more time
in these activities. Although they earn some income from the irregular local labour

opportunities, traditional knowledge and practices have been declining each year.”

The findings also highlighted that manufactured sand and gravel production poses multiple social,
environmental, and occupational challenges. Addressing these risks requires targeted mitigation
measures, including sustainable land management, proper compensation mechanisms, dust and noise
control, occupational safety interventions, and preservation of culturally significant sites. Integrating
these measures would enhance community resilience, protect livelihoods, and minimize long-term

socio-environmental impacts of sand and gravel operations.

Figure 4. 6: Untreated exposed part of the sand and gravel production sites: photo taken by
the researcher, May, 2025
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4.2.1.5 Environmental impacts of manufactured sand and gravel

4.2.1.5.1 Land use and land cover change

Over the past 20 years, the study area has experienced significant land use and land cover (LULC)
changes due to sand and gravel extraction, with distinct impacts observed during two extraction
phases: informal traditional-level extraction from 2005 to 2015 and formalized extraction using diesel
and electric-powered crushers from 2015 to 2025. Field observations and focus group discussions
with local respondents indicated that farmland and bushland were the most adversely affected land
types, particularly during the formal extraction period, when intensified operations and crusher

installations amplified environmental pressures.

To quantify these changes, a supervised classification using the maximum likelihood algorithm was
conducted, categorizing the area into three primary classes: bare land, farmland, and bushland.
Classified maps for the years 2005, 2015, and 2025 were generated and verified through ground-
truthing to ensure accuracy. Analysis of these maps revealed that during the 20052015 period,
farmland and bushland experienced moderate declines, reflecting the expansion of informal
extraction activities, while bare land increased gradually due to surface disturbances. From 2015 to
2025, however, bare land expanded substantially as formal mining intensified, farmland declined
markedly due to the loss and degradation of agricultural plots, and bushland was cleared for extraction

pits, access roads, and crusher placement.

Table 4. 5: Change in land over the past 20 years in the Harerko and tabia Messobo -study areas

Area in (Ha)-Hareko site Area in (ha) Tabia Messebo site
LULC types

2005 2015 2025 2005 2015 2025
Bare land ( 1.98 4.13 17.91 6.01 19.89 361.835
Farm land 53.51 52.90 43.72 416.17 403.00 | 114.194
Bush land 35.40 33.62 28.96 169.83 168.91 | 115421

Source: GIS and Remote sensing quantitative data analysis result, 2025

Land use types and area coverage in 2005: During this period, land use types remained relatively
stable, as sand and gravel production through rock crushing did not expand significantly. Mining
activities were mostly informal and illegal, relying on manual methods such as hammering rocks

using locally available tools and materials. Production levels were very limited and primarily served
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local construction needs at the village level, with occasional supply to small towns within the tabias.
At this stage, farmland and bushland were not significantly or negatively affected by local mining

activities, as indicated in the figure below.
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Figure 4. 9: Land use /land cover map of both study areas in 2005

Source: Study area analyzed maps using GIS and RS geospatial techniques, 2025

Change of rate 2005-2015: Within a 10-year interval, the bareland expansion for manufactured sand
and gravel negatively affected the two land use types: farmland and bushland. The bareland, expanded
due to the crusher's expansion, increased slightly from 1.98 ha to 4.13 ha, corresponding to a rate of
change of 0.22 ha per year. As a result, farm land declined marginally from 53.51 ha to 52.90 ha (0.06
ha per year), and the bush land decreased from 35.40 ha to 33.62 ha (0.18 ha per year). While in the
gravel production sites (in Tabia Messebo), bare land expanded from 6.01 ha to 19.89 ha at a rate of
1.39 ha per year. This also caused Farm land to decrease slightly from 416.17 ha to 403.00 ha (—1.32
ha per year), and bush land showed minimal decline from 169.83 ha to 168.91 ha (—0.09 ha per year
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Figure 4. 10: Land use /land cover map of study areas (2005-2015)

Source: Study area analyzed maps using GIS and RS geospatial techniques, 2025

Change of rate 2015-2025: similarly, the analysis result indicated that in the last 10 years, continued
the land use and land cover change due to continuous increment of bareland due to manufactured
sand and gravel special increase from 4.13ha to 17.91ha corresponding to higher rate of 1.38ha per
year in the manufactured sand production (hareko sites), and from 19.89ha to 161.84 ha at a an
extremely high rate of 34.20 ha per year. The negative sign indicates the decline or reduction of the
land use types due to bareland expansion over bushland and farmland for manufactured sand and

gravel production.
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Table 4. 6: Land use /land cover change rate of (2005-2015)

Rate of the land use types change in the sand

Rate of land use type change in the Gravel

LULC production sites (in Tabia Hareko) production sites (in Tabia Messebo)
ope 2005-2015 | 2015-2025 | 2005-2025 2005-2015 | 2015-2025 | 2005-2025
Bare land | +0.215 +1.378 +0.797 +1.388 +34.195 +17.791
Farmland | —0.061 —0.918 —0.490 —1.317 —28.881 —15.099
Bush land | —0.178 —0.466 -0.322 —0.092 —5.349 —2.720

Source: GIS/RS map outcomes quantitatively analyzed data, 2025

Change of rate 2005-2025: In the last 20 years, where manufactured sand and gravel production

started, a significant land use change occurred in both study areas, though the difference and

magnitude vary per site and period. The bareland significantly increased from 1.98 ha to 17.91 ha at

a rate of 0.8ha per year in the Hareko site (manufactured sand production), while in messebo sites

(manufactured gravel), production sites increased from 6.01ha in 2005 to 361ha in 2025, which is a

great change, 17.8ha per year as detailed below.

Table 4. 7: Land use /land cover change rate of (2005-2025)

Year Rate of change Years Rate of change
LULC type ha/ ha/
2005 | 2025 (haryr) 2005 2025 (haryr)
Bare land 1.98 17.91 +0.8 6.01 361.84 +17.79
Farm land 53.51 43.72 —-0.49 416.17 114.19 —-15.10
Bush land 354 28.96 —0.32 169.83 115.42 -2.72

Source: GIS/RS map outcomes quantitatively analyzed data, 2025
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Figure 4. 11: Land use and land cover change due to manufactured sand and gravel expansion
since 2005-2025

Overall accuracy assessment of the LULC: Table 4.8 shows that the analysis shows that there is
almost perfect agreement between the classification and reference data, with an overall accuracy of
95%. This accuracy is likely due to extensive ground truth verification and unique spectral signatures
that make it easier to differentiate between categories. The results suggest that these land types have
consistent features that reduce misclassification, which is important for accurate land use planning
and resource management, also aligned with (Congalton and Rekas, 1985). The calculated overall
accuracy assessment exceeds 96.8%, which is much greater than 80%, it signifies an excellent
precision level in identifying land use and land cover that is in harmony with verified ground data
(Abbas and Jaber, 2020). This high accuracy implies that an awesome majority of image pixels have
been precisely classified according to their actual land cover types. Besides, a kappa value 93%
indicates a remarkable harmony between the classified data and reference standards, pointing to an

exacting classification process with scant likelihood of error. This is also consistent with the Kappa
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statistic strength of agreement (Rwanga & Ndambuki, 2017), which is between 0.81 and 1 as
highlighted in Table 3.4.

These measures are essential because they give policymakers and practitioners. Researchers'
confidence in using the data for informed decisions, efficient and effective use, and management of
construction material use under the framework of rural-urban linkage. The high accuracy levels and
Kappa values confirm the reliability of remotely sensed data for assessing LULC impacts of

manufactured sand and gravel expansion on farmland and bushland.

Table 4. 8: Accuracy assessment results/confusion matrix

Reference data (A) Row
Land use type
(Category-A) Refl  |Ref2  |Ref3 | Total | Crorof j Correct - User

confusion | sampled | accuracy

Farmland (Ref 1) 24 0 1 25 4% 24 96%
Bushland (Ref 2) 0 19 0 19 0% 19 100%
Bareland (Ref3) 1 0 17 18 6% 17 94%
Total 25 19 18 62 60
Error of confusion 4% 0% 6%
Producer accuracy 96.00% 100.00% | 94.40%
Overall classification accuracy 96.77%
Random accuracy 35.19%
Kappa coefficient (K) 95.02%

Source: Analysis result, 2025
4.2.1.5.1.1 Land use and land cover change and its environmental implications

Over the past 20 years (2005-2025), sand and gravel mining has caused substantial transformations
in land use and land cover (LULC), with impacts strongly influenced by slope gradients. The finding
indicated that the gravel production sites, covering 591.6 ha, are distributed across slopes as follows:
36% on gentle slopes (0-5%), and 64% on moderately steep slopes (15-25%) to very steep slopes
(35-45%). Similarly, the manufactured sand production sites (crushers), covering 90.81 ha, include
28% of the extraction on gentle slopes (0—-10%), while 72% of the land occurs on moderate to very

steep slopes. These slope ranges also aligned with the slope classification of (FAO, 2019), as shown
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in the report shown by (Getachew & Meten, 2021). The slope distribution indicates that more than a
third of gravel and nearly half of sand extraction occur on slopes exceeding 15-20%, identifying
these areas as highly vulnerable to environmental degradation. GIS and remote sensing analyses
reveal that the most intense land-use changes, including conversion of natural vegetation, dense
bushland, and productive farmland into quarry pits, spoil disposal areas, access roads, and bare lands,
occur predominantly on moderately steep to steep slopes (15-35%). Field observations and informant
interviews confirm that slope-sensitive areas show accelerated erosion, landslide occurrence, and
gully formation, highlighting the critical role of topography in environmental vulnerability. Based on
this evidence, two primary and secondary environmental problems have resulted from the land use
and land cover change as a result of the crusher expansions over the last 20 years, which also includes

the impacts from the overall input -output process.
Primary (direct) impacts

Soil and hydrological degradation: The growing removal of bushland over the last 20 years,
combined with the absence of mitigation measures (section 4.1.3), has led to an increase in bareland
that is highly susceptible to erosion. The study also indicated that dust generated from crushers has
already settled on the soil, further changing its physical and chemical properties through the loss of
organic matter and nutrients. This degradation negatively affects the growth of crops and vegetables
also detailed under farmland size reduction and its implications. Also, these conditions can contribute
to the reduction of the soil’s water infiltration capacity, resulting in increased surface runoff and a
severe decline in soil water availability, which is essential for agricultural production and plant

growth.

The analyzed data collected from key informants at all levels showed common agreement (100%)
that since the establishment of the crushers (2005-2005). This decline is mainly attributed to reduced
soil fertility caused by off-site soil erosion impacts, such as sedimentation and contamination of
farmland located on the downstream part of the crushers. Further scientific investigation is necessary
to identify the specific types of contaminants present in sediments originating from the crushers and
deposited on farmland. However, the accumulation of crushing dust on cropland is known to contain
fine particulates that build up in the soil. This accumulation can increase elements such as carbonates,

that led to higher soil alkalinity and reduced agricultural productivity.

72



The two key informants from Tabias’s level agricultural staff, 100% noted the presence of ground-
based signs that indicate these quarry residues can further fill natural water depressions, alter runoff
patterns, and reduce soil elitist though clogging soil pores with fine particles. Combined with the fast
expansion of quarry operations into farmland and bushland, these practices have led residents to

report declines in livestock grazing and browsing areas.

Though the detail is presented under the current mitigation practices, the interviewed farmers about

the soil degradation said that:

“The mountain above the sand crusher has long been respected for its ancestral and
spiritual significance, which helped prevent deforestation. Now that it has been
designated as the main raw material source, private operators have begun quarrying
without sustainable measures, putting the site at risk. Farmers had warned of these

’

dangers from the beginning, but their leaders dismissed their concerns.’

The findings also aligned with other related findings in Ethiopia and other areas (FAO, 2019; Sairanen
& Rinne, 2019; Torres et al., 2017; Gashaw &Aklilu, 2020; Getachew & Meten, 2021; Meaux et al.,
2022; Han et al., 2023; Elnourani et al., 2024) they reported that growing construction demand drives
unregulated extraction activities that remove bushland and disturb soil, causing erosion particularly
in extraction in slope area, alter soil infiltration capacity from dust and poor space clogging effect,
soil and water contamination, and loss of soil fertility, which ultimately leads to land degradation and

reduced agricultural productivity.

Vegetation and biodiversity loss: As evidenced by the LULC over the last 20 years, vegetation
clearance on slopes above 15% has caused substantial ecological disruption. Dense bushland and
native flora, which historically stabilized soils, have been removed, leading to increased erosion, and
can lead to reduced soil moisture retention and fragmentation of habitats. Key honey-producing
species, including Becium grandiflorum, Hypoestes forskaolii, and Leucas abyssinica, have been lost
from steep hillsides, contributing to measurable declines in honey production and pollination
efficiency. Wildlife corridors for species such as hyenas, rabbits, and foxes are disrupted, with the
greatest impacts observed on slopes above 25%. The removal of vegetation has also diminished
natural soil stabilization, further compounding slope-dependent erosion and sediment transport.
Informants at Messobo reported that decades of bushland and tree removal for fuelwood and gravel
mining led to extensive soil exposure and farmland at risk of sedimentation, illustrating the

cumulative effect of slope-sensitive vegetation loss. Besides, the study highlighted that the increasing
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bushland removal over the last 20 years, integrated with the dust, can increase the local surface
temperatures and reduce humidity, stressing vegetables that require stable and temperature
conditions. These findings also aligned with other related findings in Ethiopia and other areas (Zhao
et al., 2025; Mariye et al., 2024; Rehman et al., 2021; Gebru et al., 2016), showing that manufactured
sand and gravel reduce bushland, shrubland, and vegetation productivity, though impairing
photosynthesis, lowering forage quality for livestock, increasing local temperature, reducing soil

water infiltration capacity, collectively contributing to vegetation loss and ecosystem deterioration.

Visual effect: Site-level observations indicated that damage to the landscape is one of the major
environmental problems at both sites. Respondents reported that during the rainy season, open pits
from the sand and gravel mining and open dumping areas collect water, forming unsightly spoil heaps
and barren wildernesses that disrupt the natural visual character of the villages. The analysis also
highlighted significant challenges related to weak overburden and by-product management.
Overburden, fines, and rejected materials were disposed of along roadsides bordering farmland and
bushland, increasing the risks of soil degradation, water contamination, and negatively impacting the

amenity of the local environment.

The four woreda-level environmental and natural resource staff 100% warned that the lack of a
sustainable waste management framework, together with growing quarry demand and rising by-
products volume, is likely to worsen environmental risk like damage to the natural sustainability of
the environment in the coming years. They emphasized that without regulated dumping sites,
enforced quarry rehabilitation, and soil and water conservation measures, the natural amenity of the
environment, the local ecosystem in general, could face severe and potentially irreversible ecological
and socio-economic damage. Besides the interviewed participants and site-level observation, there
were highly visible scars, deep pits, and unstable spoil heaps, as well as improperly disposed of

overburden along roads, significantly changing the natural amenity of the sites.

Besides, the GIS/remote sensing analyzed slope map shows that slopes between 25-35% and 35—
45% exhibited the most pronounced visual and environmental impacts, including exposed bare
surfaces and altered drainage patterns. Also, 5% of interviewed farmers emphasized that upstream
sedimentary rock areas were culturally and spiritually significant, and sand extraction threatened
these traditional connections. This finding indicates that these disturbances not only reduce ecosystem
stability but also degrade aesthetic quality, demonstrating the compounded effect of slope on visual

and landscape integrity. Similar research results were also presented on Ethiopia and different areas
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(Gebru et al., 2025; Sultan et al., 2025; Muriki et al., 2024; Forster et al., 2021; Chuvieco, 2020;
Desa, 2019), showing that manufactured sand and gravel extraction degrade ecosystems and visibly
alter landscapes, leading to the loss of scenic and aesthetic value of the environment and local

ecosystem.

Figure 4. 12: The topographical situation of the production sites and their implication
land degradation: Photo taken by the researcher in April 2025

A) Secondary (Indirect) Impacts

Air and sound/noise pollution: Air and noise pollution were the major findings across the study
areas. All surveyed respondents (100%) stated that persistent emissions and noise from the crushers,
particularly during the day, become very serious, mainly for those who live close to the crushers. This
was also highlighted by the two environmental officers interviewed at the woreda level. They
explained that though homes are almost 500 meters away from the crushers (the recommended
standard as per the national EPA document), unmeasured noise from the crushers prevents children

and babies from sleeping well during the day and night.
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Site-level observations also confirmed that daily human activities near crusher sites and livestock
grazing on dust-coated vegetation further exacerbate the direct and indirect impacts of air and noise
pollution. Plant leaves were observed to be heavily coated with dust particles and to have changed
color, which can affect their growth and production by altering the natural photosynthesis process.

Besides, the two interviewed woreda-level forestry experts said that:

“Dust clogs the intercellular openings (stomata) of lower leaves, impairing plant

respiration and tree health, as explained.”

The site-level observation was also supported by the dust emission indicated in Figure 4.5, showing
that dust and noise effects were more intensified on the sloped parts of these sites. As per the surveyed
respondents’ response (100%), this was due to the topography facilitating downhill propagation,
thereby amplifying the indirect impacts of mining on ecosystem services and agricultural
productivity. These findings are also aligned with a recent study conducted in Ethiopia (Saleem &
Ayalew, 2025), which found that operations producing manufactured sand and gravel generate
significant air pollution, dust, and noise, reflecting persistent environmental concerns arising from

mining activities.

Climate and micro-climate changes: This was another environmental consequence of the
manufactured sand and gravel mining study areas produced using electricity and diesel-powered
crushers. The major climate and microclimate changes were identified both qualitatively and
quantitatively from two main sources: carbon emission from energy consumption at production sites,

and from bushland that includes vegetation reduction over the last 20 years.

Carbon emissions: the two main sources of energy for the manufacturing of sand and gravel crushers
were diesel and electricity. The total annual diesel consumption of the crushers was 150,173 liters
under the cradle-to-grave system boundary. From this, approximately 397,958.45 kg CO.e per year
was estimated based on a contextualized emission factor of 2.65 kg CO-e per liter. Similarly, the
annual electricity consumption of the crushers was found to be 210 kWh per motor over 1,760
working hours per year. Using Ethiopia’s national grid emission factor of 0.0164 kg CO:e per kWh,
this translates to an annual emission of approximately 6,061 kg COz¢e (6.06 tCO2¢e) per motor.
Combining both energy sources, a total of 404,021.94 kg COze per year, equivalent to 2.23 kg CO-e

per ton, was estimated, with implications at both local and national levels.
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Local and international level comparison and constructs of the carbon emission (combined result):
This combined result indicated that manufacturing sand and gravel is contributing significantly to the
local industrial emissions, particularly in the regions where energy-intensive mining activities are
concentrated. Diesel remains a dominant emission source, reflecting reliance on fossil duels, while
electricity contributes a smaller share sue to Ethiopia’s low -carbon hydropower -dominated grid. At
the local scale, these emissions have direct implications for air quality, climate mitigation efforts, and
alignment with Ethiopia’s national environmental goals, such as reducing fossil fuel dependency in

industrial sectors.

However, site managers, drivers, and crusher operators reported that electric-powered crushers still
use some fossil fuel for backup, which produces carbon dioxide and other greenhouse gases,
contributing to regional and global warming. When compared to international sand and gravel
production, the emission level of 2.23 kg CO.e per ton is relatively low. These findings are consistent
with other studies (Peppas et al., 2025; LCP, 2023), which show that Ethiopia’s hydropower-based
grid has very low emissions, while diesel-powered industrial equipment remains a major source of
CO: and environmental damage. Both locally and globally, diesel combustion is the primary emission
source, whereas electricity contributes less due to grid characteristics. This indicates that diesel
remains the main driver of local emissions, highlighting opportunities for cleaner energy integration
to meet national and international climate objectives. Therefore, the findings illustrated that the dual
role of local energy mix in limiting per-ton emissions, while also posing the persistent challenge of

fossil fuel use. In this case, the study indicated the following key trends:

= Sign of local air warming: About 55% of the sampled farmer respondents reported that,
following the installation of the crushers, there has been a significant change in local climatic
conditions, particularly for those living near the crushers. Similarly, woreda-level forestry and
natural resource experts suggested that these changes could be attributed to broader climate
change or the unmanaged destruction of bushland for extraction purposes. Elder farmers who
were interviewed also shared similar long-term observations. These notes that while the climatic
changes are often mild, periods of calm wind are associated with unusual warming near the
crushers, conditions that were uncommon in the past.
Discussion with crusher operators and drivers further indicated that diesel-powered crushers,
especially stationary units and haulage equipment, generate substantial waste heat during

operation. These observations align with findings from the LUCL analysis maps, which indicate
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increasing bushland destruction and expansion of bare land over the past 20 years. Although other
external factors, such as global climate change, may also contribute to the observed warming,
further research is required to quantify their contributions. All the sampled farmers, experts, and
site managers identified diesel-powered crushers used for manufactured sand and gravel
production as a key contributor to greenhouse gas emissions. Therefore, continued dependence
on diesel could contribute to rising near -surface temperature around production sites.

These trends are further supported by the significant expansion of production areas over the past
two decades, accompanied by a marked decline in bushland cover, which reduces carbon
sequestration capacity ad increase land surface exposure.

Contribution to regional climate driving: Although the calculated dual carbon emission of 2.23
kg CO: per ton is relatively small for the reasons stated, it still contributes to GHG-driven
warming. This effect is expected to worsen in the coming periods if dependency on diesel -
powered crushers continues and crushing sites accumulate energy balance. These findings suggest
that diesel use in crushing operations can intensify microclimate warming through a combination
of direct heat emissions, GHGs, and surface changes, producing localized heat stress and
cumulatively contributing to broader regional climate alteration. changes, producing localized
heat as per the stated reasons, which can be attributed to greenhouse gas driving. This is also
expected to be worsened in the next periods when the dependency on the diesel-powered crushers
continues, and crushing sites accumulate across a region, they enhance regional warming trends
and modify the atmospheric energy balance. These findings imply that diesel dependency across
crushing operations can intensify microclimate warming through combining direct heat
emissions, greenhouse gases, and land surface changes. It can produce localized heat stress and
contribute cumulatively to broader regional climate alteration. The results align with previous
research (Vural et al.,2025; Swift et al., 2023), indicating that diesel-powered sand and gravel
production releases substantial heat and greenhouse gases and alters land surfaces, thereby

increasing local warming and heat stress s and contributing to broader regional climate change.

Bushland reduction and its implications for carbon emissions: The study did not provide a full

quantification of carbon sequestered by soil, bushland, and grasses, as many factors can influence

sequestration, including the baseline extent of bushland before disturbance. Accordingly, the analysis

relied primarily on the LULC map results. The reduction in bushland over the past 20 years may

decrease carbon sequestration, thereby weakening local and national greenhouse gas mitigation
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efforts. Reduced vegetation cover can accelerate regional and global warming by diminishing the

natural cooling effects provided by healthy ecosystems.

Disruption of local water cycles through reduced transpiration may lower atmospheric moisture,
cloud formation, and rainfall, leading to drier microclimatic conditions and increased drought risk.
Alterations in watershed surface characteristics, such as roughness and moisture resulting from
vegetation loss, can also affect energy exchange between the land and the atmosphere, further
disrupting the local energy balance. Besides, the expansion of extraction activities has increased
bareland areas, which absorb more heat, raise local temperatures, and potentially influence regional
rainfall patterns. These findings are also consistent with other scientific research studies conducted
in Ethiopia (Belay et al., 2025; Bikeko &E, 2024; Gitima et al., 2025), which show that the expansion
of sand and gravel manufacturing has led to bushland reduction, decreased carbon storage, disturbed
water cycles and local climate, increased surface temperature, reduced moisture levels, and altered

rainfall patterns through changes in evapotranspiration.
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Figure 4. 13: Environmental impacts from the material flow and their implication to local and national levels

Source: Own conceptual understanding (2025)
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4.1.3 Current mitigation practices
As detailed in section 2.2.6 (Conceptual Framework), the study assessed both social and
environmental mitigation measures currently implemented across the study areas to address the

negative impacts of extraction.
4.1.3.1 Policy framework and practices

Understanding the national level environmental policy (1997) and the constitution (1997) as
overarching frameworks, key federal laws, proclamations, and supporting guidelines were reviewed.

These include:

1. Federal laws and proclamation which include the Environmental and Social Impact
Assessment Proclamation No.1371/2025 and the Environmental Pollution Control
Proclamation No0.300/2002.

2. Public Health and Workspace Safety Measures. Including public health proclamation
No0.200/2000, labour proclamation No. 377/2003 with occupational safety and health
provisions, and the Ethiopian Occupational Safety and Health Directive.

3. Environmental and Air Quality Standards, such as the Ambient Environmental Standards of
Ethiopia, serve to interpret Proclamation No.300/2000.

4. Health and Environmental Intersection Resources, including the UNDP-EPA Legal

Environmental Assessment for Air Pollution and Health.

All the documents, the constitution, and supporting guidelines, encourage the adoption of sustainable
operational practices and meaningful community engagement, consistent with findings of

(EEPA,2005) and (Saleem & Ayalew, 2025).

After reviewing these documents, a discussion was held with environmental protection staff regarding
their familiarity with and access to them. The findings indicate that, while staff members are
theoretically aware of the documents, they lack detailed practical knowledge and a comprehensive
understanding of the stated guidelines, policies, and proclamations. This gap appears to result from a
lack of demand -driven training, limited emphasis on policy and proclamation implementation by

higher-level authorities, and insufficient budget allocation for implementation.

These findings indicate that, despite the existence of relevant national policies and proclamations,
mainly available at the main office level, their effective implementation was found to be very weak.

The absence of printed and well-documented guidelines with detailed implementation procedures,
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restricted access to official documents, particularly at the site level, and reliance on existing agreement
templates without updates transferred from one project investor to another reflect gaps between policy
provisions and actual practice. The template, which lacks updates for agreements required crusher
investors to conduct an environmental impact assessment with detailed and budgeted appropriate
mitigation measures for each of the identified negative impacts. However, the lack of accessible
official manuals, comprehensive dissemination, consistent institutional follow-up, and effective
enforcement clearly demonstrates that environmental policies and proclamations were weakly and

inadequately implemented across all study areas.

As an integral part of this policy framework and practices, the agreement document signed with the
study area investors (seven crusher owners) was reviewed with the support of a formal university
consent letter indicating the purpose of the data collected and requests. The agreements were found to
be almost consistent with the requirements stated in the policy and proclamations; however, they
lacked sufficient detail. The signed agreement documents lacked validation of the proposed mitigation
measures, assessment of their consistency with the identified environmental and social impacts,
evidence of community acceptance, and inclusion of community perspectives. Accordingly, during
the implementation process, significant complaints were raised by the community; however, these
grievances were not formally addressed or documented. Implementation proceeded with the support
of woreda authorities to avoid disruption of project activities, while emphasizing that payment for

leased private land would be provided in accordance with the provisions.

These results indicate that, although the policies are well formulated on paper, their implementation
was found very weak due to key shortcomings identified and prioritized by research survey

participants, who totally agreed (100%). These weaknesses include:

1. Lack of community participation throughout the process, from site selection to documentation,
where decisions were made primarily by higher-level leaders and a few tabia-level
representatives.

2. Absence of awareness-raising activities on policy requirements for either the community or
their representatives, with most matters handled by a small group of woreda officials.

3. Weak support from tabia and woreda staff, with delayed response to appeals and complaints
being a persistent problem.

4. Limited monitoring and evaluation from woreda or regional level staff, particularly from land

protection and mining authorities.
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These gaps allowed crusher owners to bypass agreed mitigation measures, even where such measures
were specified but lacked detail. These findings aligned with previously identified bottlenecks for
environmental policy implementation in Ethiopia (Andualm et al., 2025; FERA,2022; Kassa et al.,
2017; Mitike et al.,2016) which include: 1) weak institutional capacity, 2) poor integration of quarry
site management into local lan-use planning, leading to governance gaps between customary land
tenure systems and formal regulations, 3) weak coordination among government stakeholders due to
fragmented responsibilities across ministries, undermines joint planning and effective action, and 4)
limited enforcement of occupational health standards and widespread biomass fuel use, contributing
significantly to air pollution. Moreover, the revised documents highlight key gaps that align with the
findings, like a lack of a concrete policy implementation action plan, and the absence of contextualized
standards. For example, for the Ambient Environmental Standards of Ethiopia, there are gaps that the
policy itself identifies as next steps for regional authorities. Generally, the results suggest that the
environmental protection policy and proclamations are well-prepared in design but stunted in
implementation. It lacks a strong connection to on-the-ground practice, including close monitoring
and evaluation of planned mitigation measures and their effectiveness in addressing the environmental
and social impacts of manufactured sand and gravel production. This gap requires urgent attention

from top-level policymakers and planners.

4.1.3.2 Environmental mitigation measure

There are planned mitigation measures to address the environmental impacts of manufactured sand
and gravel extraction, as detailed in Figure 4.8. The mitigation measures identified from the agreement
document review include slope stabilization and revegetation, vegetation buffering and land
rehabilitation, by-product recycling /reuse, dust control through water spraying, energy-efficient or
optimized use of electricity-powered crushers, integrated sustainable practices, and close monitoring
and enforcement by the regulatory body. However, the implementation of these planned mitigation
measures is largely absent, with the exception of dust control, which is partially applied through water

spraying during operations.

Crusher dust control through water spraying: This activity was the prime mitigation measure
currently practiced across the study areas. According to data collected using the LCI method from
secondary sources, a total of 21,596 m?® of water per annum was utilized. The water was utilized to
control 492.41 kg/year (0.492 t/year) of dust generated by all seven crushers. This represents the

amount of dust emitted under uncontrolled conditions. After applying the water, annual dust emissions
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were reduced to 148 kg/year (0.148 t/year), achieving an average reduction efficiency of 70%,
equivalent to 0.345 t/year of dust avoided. This demonstrates that water spraying is technically
effective when properly applied and is also important in reducing airborne diseases and improving air
quality. This achievement falls within the 40-80% efficiency range reported for wet dust suppression
systems (EPA,2006), confirming consistency with internationally recognized performance

benchmarks.

However, limitations were observed, including irregular application, reliance on large and
unregulated water use, and limited attention to long-term impacts on local surface and groundwater.
Dust suppression relies heavily on unregulated abstraction of surface and groundwater without any
alternative practices, raising significant concerns about local water sustainability. Investors extract a
large volume of water from surrounding areas, primarily around Adigudom town and other parts of
the Enderata districts, without providing compensation or payment to the local community. They lack
water-harvesting technologies, particularly rainwater harvesting, and do not employ alternatives
beyond extracting locally available surface and groundwater. Groundwater was also extracted for other
operational purposes without restriction, which can result in additional environmental and social
impacts. These findings are consistent with studies from other parts of Ethiopia (Ahmed, 2023),
showing that the free extraction of water for crusher purposes frequently generates social complaints
and concerns over aquifer depletion. This trend may shift environmental pressures from air quality to
water resources and is expected to worsen in the future unless sustained measures are implemented.
This situation is also expected to worsen in the future if sustained measures, mainly regulatory
response and requirements for investors to secure alternative water sources, are not implemented. This
indicates that planned environmental mitigation measures were not carried out due to the following
main reasons: 1) weak compliance, including disrupted monitoring, absence of structured plans for
by-product management, and lack of policy enforcement. 2) Limited rehabilitation efforts, such as
vegetation buffering and land restoration, due to prioritization of immediate profit over environmental
sustainability. 3) Limited technical and institutional capacity, which hindered the adoption of energy-
efficient machinery and renewable energy solutions. Accordingly, key recommended measures
include regulatory enforcement and requiring investors to develop alternative water sources, such as

surface water harvesting, underground water storage tanks, or advanced dust monitoring technologies.
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4.3.2 Socio-economic mitigation measures and effectiveness

Socio-economic mitigation measures (Annex VII) at the sand and gravel extraction sites were largely
inconsistent and insufficient, limiting their effectiveness in offsetting the negative impacts of quarry
operations. Although investor agreements included provisions for farmland compensation or payment
for leased land, fertilizer support, infrastructure development, and health and welfare programs,
implementation was uneven and often inadequate. For instance, payment for 10 hectares of farmland,
collectively owned by 29 farmers, was provided under the investor agreements, totaling 12,083,333
Birr, with individual payments averaging 96,667 Birr, depending on the land area owned by each
farmer. To date, only 87% of the farmers have received the payment, while the remaining 13% have
not, due to pending documentation and approval processes. Although the payments provided short-
term financial relief, they did not reflect the long-term economic value of the land or address lost
employment opportunities tied to farming activities. Appeals submitted by affected farmers through
local administrations were largely unaddressed. Which is further exacerbating livelihood insecurity

and undermining trust in both investors and authorities. Participants from Hareko sites said that:

“The payment given for the leased farmland did not align with the current purchasing power
parity of the birr, both in the local and national markets. This benefits private investors at
the expense of the poor and the environment. However, we still trust that the respective
woreda, zonal, and regional bodies will consider our appeal and come up with a

’

sustainable solution.’

Moreover, in Hintal Woreda, communally owned land previously cultivated by youth groups was
leased to a private investor without community consultation. This is integrated with the dust emission
impacts on crop land close to the production centers, creating unresolved disputes and escalating social
tensions as production began. As an immediate solution, fertilizer support was provided to six farmers
severely affected by dust emissions, delivering 50 kg per person per year to partially compensate for
declining crop productivity. While this provided short-term relief, ongoing dust deposition and land
degradation limited its effectiveness, consistent with studies showing that mining dust disrupts soil
nutrient cycles, depletes key nutrients, increases compaction, and reduces crop yields (Belay et al.,
2020; Hemmler et al., 2024; Zhao et al., 2025). Similarly, the farmers emphasized that although these
measures mitigated immediate economic stress, the structural decline in soil fertility remained

unaddressed, threatening long-term productivity.
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Infrastructure development was minimal, with only one investor at Hareko sites, where a church was
constructed and financed, and electricity was installed. This strengthened social cohesion and
improved community access to religious services. Besides, health and welfare support required each
crusher to contribute >200,000 Birr/year for vulnerable households. Of seven crushers, only four
(57%) participated, and the support was insufficient. Communities reported limited responsiveness
from local authorities when grievances were raised, further weakening trust. Low compliance reflected
weak monitoring, irregular follow-up, and limited accountability. Collectively, these findings
demonstrate that social mitigation measures were fragmented and inconsistently applied, providing
limited short-term relief without ensuring long-term resilience. The research further highlights that the
combined lack of consistent compensation, fertilizer support, infrastructure investment, and health
programs, alongside unaddressed environmental degradation, amplified social vulnerability. This

implies that the investors focused primarily on profit, paying little attention to social obligations.

Integrating socio-economic measures with environmental rehabilitation, dust mitigation, and
participatory management could strengthen community trust, sustain livelihoods, extend employment
beyond extraction phases, and enhance overall resilience. This is also consistent with evidence from
national land restoration initiatives in Ethiopia, which shows that participatory approaches in nursery
management, seedling production, and rehabilitation work can improve both ecosystem services and
rural livelihoods (Abera, 2020; Saleem & Ayalew, 2025; Weldeamanuel & Cheng, 2024). The absence
of such integrated practices at the study sites represents both a socio-economic and environmental

failure, constraining the sustainability of sand and gravel production.
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CHAPTER FIVE: CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

The study analyzed the impact of urban-rural linkages on construction material flow in Mekelle and
the surrounding rural areas. Using a mixed-methods approach, the study adopted a cradle-to-gate-
system boundary under the umbrella of cradle-to-Gravel concept due to data inconsistency. The
findings show that a total of 86,680 m* of manufactured sand and gravel is produced per annum, of
which 15% dumped as byproduct. A total of 159 rural and urban dwellers benefit from this material
flow through daily labour, driving, and income from trading the manufactured materials. Despite these
challenges, manufacturing sand and gravel remains an untapped potential for supplying construction
materials to support rapid urban expansion and meet the growing local demand. The supply system
also represents a significant opportunity for job creation, particularly for landless and unemployed
youth in Tigray and across Ethiopia. This directly and indirectly contributes to both local and national

economic development

However, significant environmental and social problems are emerging as serious problems across the
study areas. Geospatial analysis showed that the bare land resulting from the rapid expansion of
crushers has led to a significant decrease in farm and bushland over the last 20 years, causing direct
and indirect impacts such as land degradation and air pollution. In addition, 2.23 kg of carbon dioxide
equivalent emission per ton, raising concerns at both the local and national levels regarding climate
change. The primary reasons for these socio-environmental impacts are weak regulatory enforcement,
which has allowed investors to neglect the implementation of at least planned mitigation measures.
Thus, the extraction of these resources should be conducted in consultation with local communities,
with close follow-up and evaluation by regulatory authorities to track the implementation and

effectiveness of planned mitigation measures in addressing social and environmental impacts.
5.2 Recommendation
The following are the major recommendations:

1. National environmental policies, particularly library-based ones, need stronger updating with
active community engagement to turn rules into action and reinforce shared responsibility for

protecting ecosystems.
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2. Manufactured sand and gravel production is a largely untapped potential in Tigray and
Ethiopia. The government should ensure that crusher operators follow green consumerism
principles, including the polluter-pays principle, to support sustainable development. This can
be achieved through actionable policies that enable operators to adopt energy-efficient
technologies, recycle by-products, manage air pollution, ensure responsible sourcing and site

rehabilitation, maintain transparency, and engage with local communities.

3. Regulatory authorities should enforce that crusher operators implement rainwater harvesting
during the rainy season to secure water for dust control, reducing reliance on surface and

ground water while promoting sustainable and environmentally friendly operations.

4. Regulatory authorities should provide the sites for crushers based on the local environment’s
carrying capacity, ensuring extraction stays within the resources and ecosystem limits to

prevent socio-environmental impacts while supporting sustainable operations.

5. Regulatory authorities should invest in awareness, encouraging future research on why
environmental policy in Ethiopia has weak in implementation, and capacity-building for
crusher operators, communities, and other stakeholders to promote sustainable practices,

ensure regulatory compliance, and protect the ecosystem long-term.
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Annex-1: Letter of consent & research questionnaires

Research Title: Assessing urban-rural linkage in terms of local construction material use in Mekelle

and surrounding areas: Tigray/Ethiopia
Researcher: Haftay Tsegay
Dear Participants,

I am a graduate student at E/7-M conducting research for my master’s degree. My study aims to assess
the impact of urban-rural linkage in terms of local construction material flow: “The case of Mekelle
and the surrounding rural areas.” Participation involves 25-minute interviews and the sharing of
relevant observations. Your involvement is entirely voluntary. You may refuse to answer any question

or withdraw at any time without penalty.

All information you provide will be kept strictly confidential and used only for academic purposes.

Your name or identifying details will not appear in any report or publication.

Before we proceed to the next steps, please read the above information and voluntarily agree to take

part in this research.

With regards
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Part -1: Profile of the household survey questionnaire

A o

Administrative Location:

Sex:

Age:

Level of education attained:

Family size

Part II: Open and closed-ended research questionnaires

Specific objective-1.1: Material flow (sand and gravel)

2.1.1.1 Water and energy (electricity and fuel) usage

6
7.
8
9

10.

11

13.

. How much diesel is used daily by each vehicle/machine type

Crushers loaders , dozers, trucks and water trucks

. How much electricity is consumed per day to produce the total volume of

Gravel and sand

How much water is consumed daily? for what purpose used?

. Have you considered the emissions' negative impact on the environment? A) Yes B) No

12.

If the response is “Yes”, how do you estimate the GHG emissions from energy use (fuel

and electricity) consumption (site level)?

If the response is “Yes”, how do you estimate the GHG emissions from energy use (fuel

and electricity) consumption (site level)?

2.1.1.2 Material output and distribution

14.

15.

16.
17.

What are your daily working hours? ~ monthly working days and yearly
working days

What is the estimated volume sand  and Gravel  crushed perday?  How
much of it was converted into usable output? sand Gravel

How do you calculate the total production volume per day/ monthly, /Y early?

How is the useful product material distributed to Mekelle city only?

Specific objective-1.2: Environmental and Socio-economic Impacts

18.
19.

How does sand ang gravel production benefit rural and urban community:

What social problems or challenges have you observed due to sand and gravel production?
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20.
21.

22.

23.
24.
25.
26.

Describe the environmental impacts at both the rural and urban centers.

How do these environmental problems affect local communities and the ecosystem?

What are the major land use and land cover changes negatively impacted by the sand and

gravel expansion from 2005 to 2025?

How much of the sand and gravel operation?

Are there conflicts between workers, investors, and local communities? A) Yes B) No
If the response is “Yes”, please describe it.
How have the land use and land cover changes affected local socio-economic activities

such as honey bee production, grazing land, crop production, etc.?

Specific objective: 1.3: Currently practiced mitigation measures to reduce environmental and

social impacts and their effects

27.

28

30.

31

33.
34.

35.

. If yes, please describe each agreed mitigation measure.

29.

Were there agreed mitigation measures to be performed by the investors? A) Yes B) No C)

I have no information, or it is not clear to me

Currently, what types of these mitigation measures are being practiced to reduce
environmental and social risks?

Ifno, or I have no information, or it is not clear to me, please describe the reasons.

. What challenges have you observed in implementing these mitigation measures?
32.

What type of support was provided by the woreda or regional authorities to implement
mitigation measures?

Were the investors initially discussed with the local community? A) Yes B) No

If the Response is: No,” with whom were they discussed, and what problems were raised
at the community level?

Are there any capacity-building or awareness programs provided by the local authorities

or investors to support compliance? A) Yes  B) No

Section 1.4- Key informant Questionnaires

Farmers

36.

How has leasing your land for sand and gravel production affected your livelihood and

farming activities?
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37.
38.

What compensation or support have you received from investors, and was it adequate?
What recommendations do you have to improve agreements between farmers and

investors?

Experts (environmentalists/social/engineers/natural resources)

39.

40.

41.
42.

What are the main risks and challenges associated with sand and gravel production in these
areas?

How effective are current mitigation measures in reducing environmental and social
impacts?

How well are legal and regulatory requirements applied at the sites?

What policy or practices would you recommend to improve sustainable production and

compliance?

Woreda and regional staff

43.

44,
45.

46.

47.

What support does your office provide to monitor and manage sand and gravel production
sites?

What challenges do you face in enforcing laws and supporting sand and gravel operations?
Have you embedded the local communities from the very beginning of the crusher's
installation? For how many years have you agreed with the investors?

What types of mitigation measures were embedded in the agreement? Do you think the
investors are implementing as per the agreed-upon points? Please describe this, including
the reasons for not implementing as per the agreement.

What recommendations do you have to improve policy enforcement, legal compliance, and

community engagement?
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Annex II: Calculations

Annex II (a): Volume of material flow and GHG emission calculation

This section focused on calculating the total amount of useful and waste (non-usable) sand and gravel
produced in the study areas. The calculation was carried out using data that were measured and
collected directly from each production site. These data included the daily working hours, the average
daily production, the number of working days per month and per year, and the months that were
unsuitable for local construction material production due to seasonal or weather-related factors. Also,
the efficiency of the crushers was considered to determine how effectively each crusher converted the

total amount of raw material into usable sand and gravel.

Using these collected variables, the total annual production volume of sand and gravel was estimated.
This total was then converted into various units of measurement, such as cubic meters and tons, to
facilitate the calculation of other related parameters. The specific gravity of the sedimentary rocks and
hard limestone used in the calculation process was also applied. These values were obtained from
internationally recommended standards, but were selected to reflect the local geological conditions
based on a thorough literature review and supporting evidence. The researcher divided the overall

calculation process into six main steps to make it clearer and more understandable for readers.
Calculating /Estimating the annually produced volume of construction material flow
Given site-level collected data similarity on:

o Daily working hours = 8 hours

o Daily average production of sand through crushing sedimentary rock = 404 m>®/day, and
gravel/aggregate = 384m°/day

o Monthly working days are 22 days/month

o Non-working months per year = 2 months (July and August- rainy time)

o Yearly working days = 220 days/Year

Taking these data per study area, the total volume of sand and gravel produced per site level was
estimated using the following equations (2-8) presented on page 22.
Step 1: First, calculate the daily production of sand and gravel at both study areas.
- Daily produced sand through crushing sedimentary rock = 404 m>/day, and gravel/aggregate
= 384m?/day -site level measured values.

Step 2: Calculate monthly sand and gravel production using the equation
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a) Monthly sand production:

Monthly sand production = [Dpod = Dpx22 days ] .................. eqn (3)

month

From step-1, Daily production (Dp) = 404 m3/day

Monthly sand production = 404@ x22

nth
Monthly sand production = 8,888 —
b) Monthly Gravel /aggregate production:
From step-1, Daily production (Dp) = 384 m*/day
. _ m_3 day
Then, monthly gravel productlon = 384 GlayXZZ —
Monthly gravel production = = 384d7y
Step 3: Calculate annual sand and gravel productlon (Ap) using equation (4)
[Ap] = |YaxM, = 220 S M| eqn (4)

1) Annual gravel productlon

Thus, Yearly gravel production (Yq (gravel) = 220 day x 8,448
= 22072 e

month

daﬁ = 84, 480;

ii) Annual sand production
m

. _ m? m?
From step 2, monthly sand production (Mp (sand)) = 8,888 —= 404 ey

3

: day
Yearly gravel production (Yq (gravery = 220 MX 8,888

month

3
= 220—dﬂ¥5x8888 = 88,880 —
year

22 days
iii) Calculate the average sand and gravel production in cubic meters per year
Yearly gravel + Yealy sand

Average (sand and gravel)production =

2
3 3
_ 84,480+88,880 m® _ 173360 m® _ 86,680 ™
2 year 2 year year
Step-4: Calculate useful sand and gravel production or output using equation (5)
| p]— ToXE] o, eqn (5)

a) Total useful sand per year

3
o Total calculated sand production per year (useful + byproduct) =88, 880 %

88,880m3

o Conversion efficiency sand = 75% = “ear % 0.75 =
_ 3
From this byproduct = (88,880-66,660)m” _ 22,220 =
year year

b) Total useful gravel per year
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3
o Total calculated gravel production per year (useful + byproduct) =84, 480 %

3 3
o Conversion efficiency sand = 95% = 222™ 1 9 95 = 80,256 —
year year

(84,480-80,256)m3 m3
= 4,224
year year

From this byproduct =

c) Total average useful and by-products of sand and gravel
Useful output (sand)+Useful output (gravel)m3

1) Total average useful =
2 year
m3
B (3(3,(3(3() =P i;(),;!s;fii;;;E;F B fl‘l(i,{)].fi ln3 -~ In3
B 2 ~ 2  year ' year
ii) Total average bvproduct= Not useful output (sand)+Not useful output (gravel)m3
g yp - 2 year
m3
2 2 year ' “"“year

Step 5: Convert the total mass of sand and gravel produced (m*/year into tons/year using equations

6 and 7
a) Use equation (6) for sand:
1) Total sand output (useful and not useful)

t
[Mt] = [TOutput (useful+not useful) x1-6ﬁ ]
3

t
= 88,880 x1.6 — = 142,208
year m year

i) Useful output = 66,660 " x1.6 - = 106,656 ——

year m2 year
iii)  Not useful output = 142,208 —— — 106,656 — = 35,552 —
year year year

b) Use equation (7) for gravel:
t
[Mt] = [TOutput (useful+not useful) x2-6$ ] cqn (7)

3
1) Total sand output (useful and not useful) = 84,480 2 x 2.6L3 = 219,648 .
year m year

2) Useful output = 80, 256 —— x 2.6 — = 208,665.6 —
year = year

3) Not useful output = 219,648 —— — 208,665.6 — = 10,982.4 ——
year year year

Sep 6: Total average sand and gravel produced t/year)- use equation (8)
Total sand production +Total Gravel production
] .............. eqn (8)

[Ad = | .

t

219,648—-—+142,208
year

i) Total (sand and gravel) in tons/year = . ¥ = 180, 928
~ 106,656——+208,666— — .

ii) Useful output (sand and gravel) = - - ¥ =157,661 -

~ 35’552ye_tar+10’982yetar ¢

iii) Not useful output (sand +gravel) = > = 23,267 Sear

106



Annex-II(b): Calculation/Estimating GHG emissions from material flow

This section focuses on calculating greenhouse gas emissions from material flows, particularly those

resulting from energy use, electricity, and diesel, during the manufacturing of sand and gravel.

shown in the table below, total diesel consumption was collected from each site based on the type

As

and

number of vehicles currently operating across the seven crushers. Electricity consumption for each

study area was obtained from annual electricity bills. The overall analysis of these calculations is

presented in the results and discussion part (Chapter four), where it is compared and contrasted with

related findings from other parts of the country.

Site-level measured values: life cycle inventory -data (Annex V)

. Total annual energy consumption
Input Flow description - Total on
) Site messebo .
category (on-site level) Site Hareko (sand) average
(Gravel)
Diesel Loaders, trucks,
fuel excavators, and 132,456L/year 167,890 L/year 150,173 L/Year
crushers
Electricity | Crushers 605,000 kWh/year | 134,450kWh/Year 369,725
Y ’ y ’ kWh/Year
Dust supervision
Net fresh 21,596 m’
cLres (spraying, non- 29,141 m?/Year 41,051 m®/Year ’ m
water /Y ear
recycled)

Step-1: Calculate GHG emissions (CO:e) from electric consumption using equation (9)
CO2¢jectric = [Annual Electricity consumption kWh|x[Grid EF]
Give from the table
= The total electric consumption measured from both study areas is 369,725 kWh/Y ear
= Based on the Ethiopian grid's Emission factor from the GHG protocol/climatic data

(2017) is reported as 0.0164 kg CO2e/kWh

kWh kgCOZ2e
CO2¢jectric = [369,725 Year]x[0.0164 W ]
COZerectric = [369;725 %]X [0.0164 %} = 6,063.49 ki(:::e

Step 2: Calculate GHG emissions (CO:e) from electric consumption using equation (10)
CO24iesel = [Annual diesel consumption in litter |x[Emission factor for diesel]
Given

= The average diesel consumption measured from both study areas is 1150,173 L/Year
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= Based on the Ethiopian Environmental Protection Authority 2022 report, the emission

factor for diesel consumption is approximately 2.65kg CO2e/L

o2 [150 ,173 Ll [ kgCOZe] [150,173 L] [ kgCOZe]
diesel — year Year
kgCO2e
CO2gjese1 = 397,958.45 ~Yeoar

Step 3: Calculate the total GHG emissions (CO:ze) from diesel and electric consumption using
equation (12)
Total COze = COZelectric + COZdiesel

From the step 1 and step 2 calculation results

kgCOZ2e kgCO2e
CO2¢jectric = 6,063.49 = 397,958.45 oar
kgCO2e kgCO2e kg CO2e
Total CO,e = 6,063.49 ———— + 397,958.45 ——— = 404,021.94 —
Year Year Year
Step 4: Convert the total CO,e using equation (11)
COZe per tone = [Annual diesel consumption(L)|x[EF for diesel] o eqn(11)

Annual production (t)

_ Total COZ%e
" Total Mass
404,021.94 kg % 404,021.94 kg CﬂOZe
- 180,928 ton - 180,928 ton
year year

> kgC02e
CO“etoperton = 2.23 ——
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Annex II (¢): Dust supervision efficiency calculation

This section also focuses on evaluating dust suppression efficiency by calculating both controlled and
uncontrolled dust emissions in the seven local construction material production sites. Dust suppression
primarily aims to reduce airborne particulate emissions from sand and gravel crushers, thereby
improving air quality, protecting human health, ensuring regulatory compliance, enhancing
operational safety, and fostering positive community relations. Accordingly, the efficiency of dust
control through water spraying was determined using the following procedures and formulas.

Step 1: Calculate the uncontrolled emission using equation (13)

U, = [EF]x[M;]

Given: Emission factor = 0.0061b/ton
: Total mass or volume of sand and gravel output = 180,928 ton/year

Ue _ [0006lb] [180 928 ton ] [0006lb [180 928
year year
U, = 1,085. 57— — 492. 41 — (.492 Lonnes
year

Step 2: The control efficiency of water spraying was deterrnlned by considering local operating
conditions. A value of 70% was adopted, based on U.S. EPA guidelines for gravel and sand
production crushers. This value is internationally recognized, particularly for operations
without access to advanced monitoring equipment. Thus, Ce =70%

Step-3: Calculate Controlled emission using equation (14)

Cp = [Ue]x[1 - C,]
Given: Uncontrolled emission (Ue) = 1,085.57 Ib/year (calculated result)
Cp = [ 1,085.57% x[1—0.7] = [ 1,085.57% x[0. 3]

tones

Cg = 325. 67— = 147. 7 = 0. 148 , 11b = 0.454kg
Step-4: Calculate Absolute reduction (A,,) (15)
Ar=U.—-Cg = 10856——3257— = 759.3
year

tonnes

= 344.7 yei = 0. 345 ,removed per year by water spraying

Step-5: Calculate/check the control efﬁ01ency equation (16)

c.=|

Absolute reduction ]
Uncontrolled dust emission

759.3 Zxr
= [—5%| x 100% = [0.6994] x 100%

yeay

=70%
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Annex III: Ground-based GPS points collected from study areas

GPS points from the Hareko and Messebo tabias of seven sand and gravel production sites were

collected. The data used to link field observations with GIS and remote sensing data, supporting land

use and land cover mapping for farmland, bushland, and bareland (2005-2025). The data showed that

raw material sources were on hillsides with bushland and honeybee flora (mainly Acacia), some

previously conserved but now degraded. Crusher and campsite facilities on farmland caused dust,

sedimentation, and unmanaged by-product pollution, affecting upstream farmland and livestock

grazing areas. Bushland was heavily damaged, including highly eroded and previously treated

hillsides, while downstream areas and nearby settlements suffered from runoff and sediments.

Site-level collected Ground GPS points

: : Altitude | Description
Latitude Longitude
(m) a.s.l

130 16'2279" N | 39022 08.60" E | 25612 The hillside 9f t.he raw m.aterlal source is embedded within
bushland and is highly dominated by honeybee flora.

130 16'24.32" N | 39022'08.53"E | 2559.3 Crusher and campsite facilities are installed over farmland.

130 16'24.23" N | 39022/ 06.75" E | 2597.1 The hlll.s1de of Fhe source area is highly dominated by bushland
and various native tree species.

130 16'25.45" N | 39022/ 03.18" E | 2563.3 Useful. mater.lalls. and by-products are generated from the
extraction activities.

130 16'23.60" N | 39022 10.16" E | 2551.7 Farmland located downstream of the crusher is negatively
affected.

130 16'20.40" N | 39022'11.26'E | 2553.1 Affected farmland areas are observed in the vicinity of the site.

130 16/2936" N | 39022'07.70" E | 2554.7 An illegal b}ll—produc.t dumping site is located below the main
road connecting to Hintalo town.

130 16"26.98" N | 39022'09.33"E | 2558.0 Livestock grazing land in the surrounding area is affected.

130 16'26.04" N | 390 22/ 06.93" E | 2590.5 The source area is disturbed and lacks treatment, rehabilitation,
or mitigation measures.

i hl is afft issi fi

130 16'25.33" N | 390 22/ 05.55" E | 2649.3 Surrounding pus and is affected by dust emissions from
crusher operations.

130 16/32.92" N | 39022 13.85" E | 25227 Farmland is h}ghly affected by dust particles generated from
crusher operations.
The d t f th h i t

130 16'29.67" N | 39022/ 12.02" E | 2538.2 ¢ downstream area of the crushers is exposed to
sedimentation resulting from on-site and off-site soil erosion.
The excavated raw material extraction areas, which lack

130 16"41.38" N | 39022'09.96" E | 2559.3 conservation measures, have developed into gully and gorge

formations that collect surface runoff during the rainy season.
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Annex IV: Monthly and annual revenue from sand and gravel sales, excluding

informal trade elsewhere.

Monthly and annual revenue from Sand and Gravel Sales in the three trading

centers of Mekelle City

Monthly Yearly
Parameters Manufact

Manufactu ured Total Manufactu | Manufacture Total

red Sand red Sand d Gravel

Gravel
Monthly operations
Estimated Truckloads 5 7 12 50 70 120
Average estimated annual
truckload unit price (Birr) 29,670 40,560 - 29,670 40,560 -
g::?ez;‘mhasmg Cost(BIm) | 149350 | 283,920 | 432270 | 1.483.500 | 2.839.200 | 4,322,700
Truckload Selling Price (Birr) | 49,180 58,181 - 49,180 58,181 -
Total Sales (Birr) 245,900 407,267 | 653,167 | 2,459,000 | 4,072,670 6,531,670
Labor Analysis
Estimated daily laborers 18 180 180
Average estl.mated active 13 130 130
yearly working days
Average Daily Wage 200 200 200
payment
Total estimated eamnings 187,200 18,720,000 | 187,200
(Birr)
Monthly Tax Payment (Birr) 6750 é‘ﬁ;y Tax Payment 81,000
Total labor and tax cost 193,950 | Total labor and tax cost 268,200
Total expense 626,220 | Total expense 4,590,900
Total sales 653,167 | Total sales 6,531,670
Total profit per Year 26,947 | Total profit per Year 1,940,770
Total revenue per 3 sites/Year 8,982.3 T.otal profit per 3 646,923.33
sites/Year

Source: Survey data,202
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Annex V: LCI parameters, unit measures, measurement methods, and

references
S/n Parameter Unit Reviewed secondary documents Sources
measures
1 Diesel fuel L/year On-site operational logs of loaders, Ugtug et al.,
consumption trucks, and excavators 2025
2 Electricity kWh/year | Meter readings of crushers, screens,
consumption and conveyors
3 Freshwater for m?/year Measured on-site; calculated per EN | Uctug et al.,
dust suppression 15804+A2 by dividing total water 2025 EN
use by annual production mass 15804+A2
4 Material t/year Annual production volume x bulk Ugtug et al.,
throughput density (1.6 t/m?) 2025
5 Emission factors | kg CO2- | IPCC emission factors applied to fuel | Eggleston et
eq/unit and electricity use al., 2006
6 Process % Literature case study on pre- DA, 2025
efficiency screening before crushing
improvements
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Annex VI: Methodologies and assumption justification

Keywords from the

methodologies used

Assumption justification

Sample size and

The quarry sites and the 80 respondents were considered

representative of typical sand and gravel extraction activities in

representativeness ]
the study region.
o Information collected from questionnaires, interviews, field
Reliability of ) )
_ observations, and on-site measurements was assumed to reflect
Primary Data .
actual practices.
o Emission factors, operational standards, and climatic data from
Applicability of

secondary data

IPCC, USEPA, EN 15804+A2, and other references are assumed

to be relevant to the study context.

Consistent
operations days

and hours

Daily working hours, annual working days, crusher types and
efficiency, and material properties such as bulk density were

assumed to remain stable during the study period.

Defined system
boundaries and

exclusions

The study covers cradle-to-gate processes (Modules A1-A3);
preparation for use (A4—AS), use-phase (B1-B7), end-of-life
(C1-C4), and recycling (D1) modules were excluded due to

inconsistent data across the system boundary.

Completeness of

All material and energy inputs and outputs crossing the system

boundary were assumed to have been fully recorded and

flows
documented.

Standard Simple arithmetic formulas, EN 15804+A2 guidelines, and well-
calculation to-wheel diesel emission factors are assumed to provide accurate
methods estimates of emissions, water use, and production efficiency.
Environmental _ ] ' -

, Observed environmental and socio-economic conditions at study
and socio- ) . .

) sites and selected urban sampling points are assumed to reflect
economic . ) .

] typical rural-urban interactions.

consistency
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Annex VII: Negative social impacts and the status of mitigation measures

Identified key social
mitigation measures

Planned mitigation
measures

Observed current
status

Mitigation measures
effectiveness in addressing
the problems

Mitigation measures
Limitations

Supporting
Studies from
other areas

Payment for leased
farmland

Fertilizer support

Infrastructure

Compensate farmers
for land lost to
extraction

Offset productivity
losses due to dust and
soil degradation

Support community

Provided to 29 farmers
a total of 12,083,333
Birr; avg 96,667 Birr
per person

Provided to 6 farmers
at 50 kg/person/year

Only one investor
constructed a church

Provided short-term
financial relief; 87% of
households compensated

Offered short-term relief;
helped maintain annual
production

Strengthened social

Did not reflect long-term
land value; 17% households
remained vulnerable; appeals
were ignored

Did not address structural
soil fertility decline; limited
long-term effectiveness

Rarely applied by other

Abera (2020);
Saleem &
Ayalew (2025)

Belay et al.
(2020); Hemmler
et al. (2024);
Zhao et al. (2025)

development (e.g., cohesion and welfare | and installed cohesion and access to investors; profit prioritized Abera (2020)
church, electricity) o services over community support
electricity
i >
Cpntrlbute 200,000 Only 4 of 7 crushers Provided partial assistance | Weak monitoring and Saleem & ]
Health and welfare | Birr/year per crusher g . . . Ayalew (2025);
(57%) participated; to some vulnerable enforcement; inconsistent
support for vulnerable support is insufficient | households delive Weldeamanuel &
households pp vy Cheng (2024)
Community Ensure participatory Eérlﬁlrilel?nﬁ fabnsgrll;se d Low community trust; Weak governance; Abera (2020);
consultation and decision-making and without prior unresolved disputes authorities unresponsive to Weldeamanuel &
grievance response | dispute resolution P heightened tensions grievances Cheng (2024)
consultation
. . Tied exclusively to .. Did noF extend b.e}‘/or%d the Abera (2020);
Employment Provide local jobs active extraction Temporary livelihood extraction phase; limited Saleem &
opportunities during extraction support skill-building or long-term
phases Ayalew (2025)
benefit
Integration with Link social support to Could enhance resilience Missed opportunity for long- ialgleenvl% 025):
environmental rehabilitation and dust | Largely absent and livelihoods if term socio-environmental W};l deamanuel’ &
measures mitigation implemented benefits Cheng (2024)

Sources: Survey result, 2025

114




