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Abstract: Examining the life cycle of structures, such as concrete dams, holds paramount
importance for engineers, as it facilitates a comprehensive assessment of overall sustainabil-
ity, enabling the balancing of the benefits and costs associated with dam development. The
recycling of materials emerges as a crucial factor in mitigating environmental impacts. This
study employs the IMPACT 2002+ methodology to perform a life cycle assessment (LCA)
of a concrete dam, covering the stages from construction to decommissioning. Additionally,
carbon footprint analysis (CFA) and life cycle costing (LCC) are performed to pinpoint
greenhouse gas (GHG) emission sources and access economic performance. This investiga-
tion spans three key-stages: (1) initial construction; (2) decommissioning; (3) hypothetical
scenarios with recycling rates for demolished concrete and steel, evaluating how different
recycling percentages influence both the environmental benefits and LCC outcomes. The
results emphasize the significance of reducing air pollution, with climate change identified
as the primary environmental concern compared to ecosystem and resource indicators. The
findings show that the carbon footprint associated with the construction of 1 m width of
the dam is estimated to be around 355 ton CO; eq. Furthermore, the total carbon emis-
sions resulting from the demolition of the dam were identified to amount to 735 ton CO,
eq/m. The recycling of the dam materials after demolition led to a notable reduction in
pollution associated with the decommissioning process of the dam, compared to the dams’
destruction without recycling.

Keywords: sustainability assessment; carbon footprint analysis (CFA); life cycle assessment
(LCA); life cycle cost (LCC); concrete dam; recycling

1. Introduction

Dams hold a significant role in the water resources management within nations, serv-
ing as pivotal structures that contribute not only to flood crisis management, but also fulfill
various functions such as water supply, irrigation, and power generation [1-3]. Beyond
the socioeconomic ramifications, dam deterioration carries the potential for profound
environmental repercussions, encompassing both the immediate consequences of failure
and the long-term impacts arising from the dam’s presence and operations [4,5]. These
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include alterations to downstream river ecosystems, habitat loss for aquatic species, and
the disruption of animal migration patterns [6,7].

The construction industry, encompassing various activities from raw material extrac-
tion to demolition waste recycling, constitutes a significant portion of Europe’s environ-
mental footprint [8-11]. It represents half of the consumption of natural raw materials,
accounts for 40% of total energy use (as the primary consumer), generates 46% of waste, and
contributes to 36% of all greenhouse gas emissions. Within this sector, mineral materials,
concrete, and other cement-based materials play a significant role in environmental impacts.
The vast global production of concrete, reaching 25 billion tons annually, leads to the sub-
stantial utilization of natural resources and energy, primarily for cement and reinforcement
steel production, as well as for transportation, construction, and demolition. This produc-
tion also emits large amounts of greenhouse gases, primarily carbon dioxide (CO,) [12],
primarily originating from cement production, along with emissions of SO, contributing to
acidification, mainly from transportation. Additionally, it generates a considerable amount
of construction and demolition waste, mostly being inert and non-dangerous [13].

The recycling process of materials from the structures’ decommissioning phase has
been evaluated, with a focus on concrete and steel. The concrete is crushed and processed
to create recycled concrete aggregate (RCA), which can be reused in new concrete mixes for
construction projects, reducing the demand for virgin aggregates. The steel is separated and
melted down for reuse in various steel products, supporting circular economy principles
by minimizing waste and conserving natural resources. These recycled materials not only
help in reducing landfill waste, but also lower the environmental impact associated with
the extraction and processing of raw materials. RCA, in particular, can be used in a variety
of applications, including road base, foundations, and non-structural concrete, although
further research is needed to fully evaluate its performance in high-stress structural appli-
cations such as dam construction. This recycling process contributes to the sustainability of
large-scale projects by enabling the recovery and repurposing of valuable materials, thus
reducing both the carbon footprint and life cycle costs of future construction [14]. Research
on RCA has demonstrated that while RCA reduces landfill use and conserves virgin mate-
rials, it often results in reduced material strength. As a result, additional cement or raw
materials may be required to meet performance standards, which introduces economic
allocation complexities [15].

However, replacing primary aggregates with RCA does not inherently ensure im-
proved environmental performance across the entire life cycle of a concrete structure. A
comprehensive evaluation of sustainability should encompass social and economic di-
mensions alongside environmental considerations. Therefore, it is imperative to employ
scientifically grounded approaches to assess all three aspects of sustainability. For environ-
mental evaluation, the widely accepted and standardized method of life cycle Assessment
(LCA) is commonly utilized, enabling the examination of environmental impacts across
processes and product life cycles.

Dams play a significant role in GHG emissions due to the extensive use of concrete
in their construction, which involves the production of cement, a process known to emit
substantial amounts of CO, during manufacturing [16]. The environmental implications
spanning a dam’s complete life cycle could be categorized into construction, maintenance,
operation, and decommissioning stages. In pursuit of optimal sustainability in dam con-
struction, LCA offers a valuable framework for exploring the trade-offs inherent in different
alternatives [17].

LCA stands as a standardized technique to assess the ecological ramifications of a sys-
tem or product over its complete life cycle [18]. This comprehensive analysis encompasses
factors such as emissions, energy usage, and waste production. LCA has the capacity to
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gauge both the overall influence of a construction project throughout its existence and the
specific effects associated with individual materials employed in its construction. Within
the spectrum of environmental aspects subject to LCA scrutiny, the practice of carbon
footprint analysis (CFA) emerges, a methodology designed to quantify the cumulative
direct and indirect emissions of greenhouse gases (GHGs) stemming from an individual,
entity, or product within a defined timeframe. While CO, represents the most prevalent
GHG under consideration, the analysis also encompasses gases like methane (CHy4) and
nitrous oxide (N,O). Conversely, life cycle costing (LCC) serves as a method employed to
appraise the comprehensive economic expenditure linked to a service or product over its
life cycle [19].

In the realm of construction, LCA and CFA have been employed to assess the ecological
effects stemming from different materials, construction techniques, and the sustainability
of projects, as well as pinpoint avenues for enhancing environmental performance [20]. Im-
plementing these approaches on a significant and influential construction holds paramount
importance, as it facilitates a balanced assessment of the trade-offs between the advan-
tages and drawbacks linked to its environmental impacts and resource utilization [21].
Researchers have delved into different dimensions of dam analysis within LCA, encom-
passing aspects like the utilization of dredged sediments [22], the decommissioning of
dams [23], the decay of biomass within reservoirs, and the functioning of hydroelectric
plants [23-25].

Zhang et al. [26] proposed an LCA method for carbon assessment in pumped storage
hydropower projects, addressing a gap in estimating emissions at the design stage. By
calculating diesel, electricity, and material use, the method helps identify emission influ-
ences of design factors, supporting greener pumped storage hydropower evaluations and
improved emission estimates. In tandem with distinct building materials, Liu et al. [27]
utilized an LCA approach to assess the environmental repercussions of two types of dams,
including conventional concrete and rock-filled concrete. The findings indicate that rock-
filled concrete led to a reduction of 25% in transportation, 51% in construction, 72% in CO,
emissions during material production, and 15.6% in maintenance and operation.

Similarly, Zhang et al. [28] utilized a hybrid LCA method to juxtapose the carbon
footprints of two varieties of hydropower schemes: a concrete gravity dam and an earth-
core rockfill dam. The outcomes reveal that earth-core rockfill dams exhibit superior
environmental responsibility throughout their life cycle, contributing to a roughly 24.7%
decrease in CO, emissions in comparison to concrete gravity dams. Nonetheless, the
current investigations focus solely on existing factors, neglecting the potential influence of
future considerations such as recycling, which could significantly impact the maintenance
and operation of structures.

Mostafaei et al. [16] investigated the LCA of the pre-existing Pine Flat dam, a concrete
gravity structure, utilizing the ReCiPe 2016 methodology. They evaluated the influence of
two strategies—seismic retrofitting and non-retrofitting—on the dam’s life cycle. Special
attention was given to the impact of retrofitting on environmental indicators like carbon
footprint and human health. Their findings underscore the positive environmental effects
of dam retrofitting, showcasing a reduction in impact indicators compared to the scenario
of dam disposal.

Sadok et al. investigated the use of calcined dredged sediments as a sustainable
cement substitute [22]. Their findings show enhanced eco-strength efficiency and reduced
embodied carbon in mortars with up to 25% sediment replacement. Microscopic analyses
indicated improved C-A-S-H and C-S-H gel formation. Their cost assessments reveal
significant savings, with sediment treatment up to 86% cheaper than cement.
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The Bluestone dam, located in West Virginia, serves as a case study for this research.
The process of evaluating its life cycle is carried out through the utilization of SimaPro
v9.5 software along with the IMPACT 2002+ methodology, encompassing stages ranging
from construction to decommissioning. Consequently, the LCA adopts a cradle-to-grave
approach encompassing both the construction and decommissioning stages, while a cradle-
to-gate approach is applied exclusively to the construction stage. Moreover, the influences
of recycling for demolished concrete and steel in the final stage on the CFA and LCC results
are evaluated. Notably, this investigation exclusively concentrates on evaluating the dam’s
construction aspects, excluding assessments pertaining to the hydropower plant or other
interconnected elements.

2. Methodology
2.1. Design of Concrete Gravity Dams

Concrete gravity dams are designed to resist external forces primarily through their
weight, ensuring stability under various loading conditions. This fundamental design
approach involves analyzing the forces acting on the dam, computing the stresses induced
in the structure, and ensuring that safety factors against failure are met. The stability of these
dams is governed by well-established engineering principles, including the equilibrium of
forces and moments.

These dams rely on their own weight to resist external forces such as hydrostatic
pressure, silt pressure, uplift pressure, and seismic loads. Key considerations in dam design
include evaluating stability against sliding and overturning, assessing the effects of uplift
pressure on structural integrity, and ensuring adequate safety factors under normal, flood,
and seismic conditions. Additionally, material properties, foundation conditions, and load
combinations must be carefully analyzed to optimize the dam’s performance. International
design standards, such as IS 6512:2019 [29] and other regulatory codes, provide guide-
lines for assessing these factors, ensuring that dams are designed to withstand extreme
environmental conditions and long-term operational stresses.

2.2. LCA Method

Life cycle assessment (LCA) is a systematic and holistic methodology employed to
assess the environmental impact of a product or process throughout its entire life cycle.
This includes the extraction of raw materials, manufacturing, transportation, use, and
end-of-life disposal [10,30]. The primary goal of LCA is to quantify the environmental
burdens associated with a particular system and identify opportunities for improvement
in terms of resource use, energy efficiency, and emissions. The LCA process typically
involves four main stages: goal and scope definition, life cycle inventory, life cycle impact
assessment, and interpretation. During the goal and scope definition stage, the objectives
and boundaries of the assessment are established. Life cycle inventory involves compiling
an exhaustive list of inputs and outputs associated with the system under study. The life
cycle impact assessment phase evaluates the potential environmental impacts of these
inputs and outputs, considering factors such as climate change, resource depletion, and
human health [31,32].

Interpretation is a critical step where the results of the LCA are analyzed and commu-
nicated. This involves considering trade-offs and identifying areas where changes can be
made to reduce environmental impacts [33]. LCA is a versatile tool used across various in-
dustries to inform decision-making processes, guide sustainable product development, and
support environmentally conscious practices [34]. In recent years, life cycle thinking has
gained prominence as organizations and consumers increasingly recognize the importance
of considering the entire life cycle of products and services to achieve more sustainable
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and environmentally friendly outcomes. LCA provides a comprehensive framework for
making informed choices that balance economic, environmental, and social considerations.

Impact 2002+ is a widely used methodology in the field of LCA, a systematic approach
to evaluating the environmental impacts of a product, process, or activity throughout its
entire lifecycle [35]. Impact 2002+ encompasses a comprehensive set of impact categories
and indicators that allow for a holistic analysis of environmental consequences. By assessing
factors such as resource depletion, greenhouse gas emissions, air and water pollution, and
other ecological considerations, Impact 2002+ provides valuable insights into the potential
environmental burdens associated with various alternatives [35]. Its incorporation into
LCA studies aids in making informed decisions and formulating strategies for minimizing
the overall environmental footprint of a given system, thereby contributing to sustainable
and environmentally responsible practices across industries and sectors.

Hence, this research employs the Impact 2002+ approach to acquire and assess the
ecological repercussions of the dam. The environmental impacts associated with dam
construction, considering materials such as concrete, fuel, wood, blasting material, steel,
and rebars, are evaluated in this study. Using LCA, each material’s environmental footprint
is assessed across its entire life cycle from extraction and processing to transportation,
construction, and disposal. Figure 1 shows the system boundary for dam construction.
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Figure 1. System boundary for the dam construction stage.

2.3. CEA Method

Carbon footprint analysis (CFA) is a comprehensive assessment that quantifies the
total amount of greenhouse gas emissions, measured in carbon dioxide equivalents, asso-
ciated with a particular activity, product, or process throughout its life cycle [36—40]. It is
believed that the exact origin of CFA has emerged from the concept of Ecological Footprint
since the 1990s. This analysis aims to provide insights into the environmental impact
and sustainability of a given entity by accounting for emissions resulting from resource
extraction, manufacturing, transportation, usage, and disposal. By examining the carbon
footprint, one can identify key contributors to greenhouse gas emissions and explore op-
portunities to reduce or offset these impacts [41]. This methodology is crucial in addressing
climate change concerns and promoting sustainable practices across various industries,
guiding individuals, businesses, and policymakers toward more environmentally responsi-
ble choices. In the present work, the outcomes of the LCA conducted using SimaPro are
utilized to pinpoint primary emission sources, thereby facilitating an evaluation of the
carbon footprint attributed to the dam’s construction [16].
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2.4. LCC Method

The concept of life cycle cost (LCC) originated within the US Department of Defense in
the 1960s. It presents a comprehensive approach for assessing the total expenses associated
with a project or asset across its entire lifespan, employing economic principles [42,43].
The primary objective of LCC is to identify the most economically efficient choices for a
material or system and ensure its financial viability over the long term [44]. Recent efforts
have focused on adapting LCC methodologies for the construction sector, encompassing
investigations that employ LCC to appraise property and construction alternatives and
quantify disposal expenditures. In the context of a construction endeavor, LCC considers
costs related to design, construction, maintenance, and operation.

3. Model Description

In this study, the Bluestone Dam is selected for LCA. This dam, located on the New
River in West Virginia (USA), is a significant structure. Originally constructed in 1930,
the dam serves the dual purpose of flood control and hydropower generation [45]. A
schematic representation of one of the dam models developed using CADAM [46] is shown
in Figure 2.

Figure 2. A schematic view of the dam modeled using CADAM v1.4.12 software.

A spectral acceleration of 0.36 g corresponds to a return period of 2475 years, where g
represents gravitational acceleration. Additionally, the hydrologic analysis suggests that, in
the event of an impending dam failure, the reservoir water level could rise to 52 m [47]. In
this study, it is assumed that the reservoir is fully filled, with a water depth of 48.15 m, and
all analyses are conducted under this condition.

To conduct a comprehensive evaluation encompassing LCA, CFA, and LCC for the
dam, it becomes essential to encompass various phases of its existence, ranging from initial
construction to eventual demolition and recycling. The creation of an exhaustive life cycle
inventory (LCI) database with minimal uncertainties stands as a notable challenge faced by
scholars in these domains, acting as a limiting factor in the execution of these assessments.

Table 1 presents the relevant material properties and construction details essential for
the dam’s lifecycle, considering 1 m width of the dam [48]. This tabulated information
furnishes intricate insights into material weights and on-site and off-site transportation
considerations across all phases. Wood is commonly used as a material for constructing
temporary formwork and scaffolding during the concrete pouring phase of dam construc-
tion. It is important to underscore that, in the phase of demolition and recycling, an
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assumption has been introduced positing a 20% concrete recycling rate, where a portion of
the demolished dam’s concrete finds renewed utility in other construction projects [49].

Table 1. LCI database for the construction stage.

Material or Operation Value (ton) Transportation (km)
Concrete 2142 30
Steel and rebar 0.35 550
Blasting 4.14 620
Fuel oil 66.3 150
Wood 27 150
Earth and rock excavation 192 25

Table 2 forms the foundational framework for LCC computation, encompassing
not only the expenses linked to materials and construction procedures, but also factor-
ing in their consequential impacts, such as the financial implications stemming from
environmental emissions.

Table 2. Price of each operation and construction materials.

Construction Material or Operation Unit Cost ($)

Concrete (USD/ton) 45

Wood (USD/ton) 345

Fuel oil (USD/ton) 407

Steel and Rebar (USD/ton) 1050
Earth and rock excavation (USD/ton) 200

Transportation (USD/ton.km) 0.25
Blasting materials (USD/ton) 599
Landfill (USD/ton) 23
Recycling concrete (USD/ton) 55

4. Results and Discussion

In this part, the outcomes of the LCA, CFA, and LCC investigations are displayed for
both phases of the dam’s lifespan: building and eventual decommissioning with recycling.
Following this, a comparative examination of the findings from these assessments is carried
out for two separate scenarios representing different phases of the dam’s life cycle.

4.1. Construction Stage
4.1.1. Environmental Impacts

Figure 3 demonstrates the carbon footprint distribution across different components
and processes involved in the production of concrete. Cement is shown to be the most
significant contributor, accounting for nearly 90% of the total emissions, aligning with the
typical findings in the literature [16] that highlight cement’s high environmental impact
due to energy-intensive production. Aggregates, both fine and coarse, contribute a smaller
but notable amount, reflecting the environmental cost of extraction and transportation. Ad-
mixture production and transportation have measurable impacts, suggesting that logistics
management and minimizing admixture quantities can further reduce emissions. Concrete
batching, although a relatively minor component, also adds to the footprint, emphasizing
the need for efficient batching processes.
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Figure 3. Carbon footprint distribution across different components and processes involved in the
production of concrete (kg CO; eq).

The analysis’ outcomes, as presented in Table 3, outline the environmental impacts
throughout the entire construction phase of 1 m width of the dam. Moreover, Figure 4
presents the distribution of environmental impacts during the construction phase of the
dam based on the IMPACT 2002+ method. The bar chart delineates the influence of six
components—concrete, transportation, diesel fuel, wood, blasting materials, and steel
and rebar—on the overall environmental impacts. The results reveal that the total carbon
dioxide equivalent (CO; eq) emissions amount to approximately 355 ton CO; eq/m, with
the primary contributors being concrete production and fuel usage. Concrete, as one of the
most extensively used materials in dam construction, accounts for over 305 ton CO; eq/m,
indicating its substantial role in greenhouse gas emissions. Fuel use, largely associated with
transportation and machinery, contributes an additional 33 ton CO, eq/m. Additionally,
aquatic ecotoxicity is primarily driven by the use of blasting materials, which also contribute
heavily to terrestrial impacts and land occupation. These findings point to the need for
improved practices in material selection and handling to mitigate ecological damage.

Table 3. The environmental impacts throughout the entire construction of 1 m width of the dam.

Impact Category Total
Carcinogens (ton C,H3Cl eq) 2.405
Non-carcinogens (ton CoH3Cl eq) 5.059
Respiratory inorganics (ton PM2.5 eq) 0.269
Ionizing radiation (Bq C-14 eq) 2,384,000
Ozone layer depletion (ton CFC-11 eq) 0.00006
Respiratory organics (ton CoHy eq) 0.126
Aquatic ecotoxicity (ton TEG water) 58,727
Terrestrial ecotoxicity (ton TEG soil) 16,074
Terrestrial acid (ton SO, eq) 6.253
Land occupation (m?org.arable) 62,759
Aquatic acidification (ton SO, eq) 1.348
Aquatic eutrophication (ton PO, P-lim) 0.042
Global warming (ton CO; eq) 355
Non-renewable energy (M] primary) 5,700,000

Mineral extraction (M] surplus) 5215
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Figure 4. Distribution of environmental impacts during the construction phase of the dam based on
the IMPACT 2002+ method.

Energy consumption in the project is another key factor, with over 5,700,000 M]/m
of non-renewable energy being consumed, mostly attributed to fuel use and concrete
production. Concrete significantly contributes to carcinogens, non-carcinogens, aquatic
eutrophication, global warming, and material extraction. Furthermore, the use of wood is
associated with deforestation, leading to reduced clean air production and contributing to
environmental degradation, particularly affecting land occupation.

Table 4 outlines the LCA outcomes for dam construction across four specific
categories—human health, ecosystem quality, climate change, and resources—utilizing
the IMPACT 2002+ methodology. Furthermore, Figure 5 represents the impact of six key
components—concrete, transportation, diesel fuel, wood, blasting materials, and steel and
rebar—on these aforementioned categories. Concrete production significantly impacts
human health, with the total effect estimated at 0.143 disability-adjusted life years (DALY).
This impact arises primarily from emissions during cement production, including particu-
late matter and pollutants such as nitrogen oxides and sulfur dioxide, which contribute to
respiratory and cardiovascular issues.

Table 4. LCA results of construction of 1 m width of the dam using the IMPACT 2002+ method.

Damage Category Total
Human health (DALY) 0.210
Ecosystem quality (PDF m? r) 205,000
Climate change (kg CO; eq) 355
Resources (M] primary) 5,700,000

Additionally, the extraction and processing of raw materials, as well as the energy-
intensive nature of concrete manufacturing, release greenhouse gases and airborne toxins
that further harm air quality and human health. For concrete batching, the DALY primarily
stems from air pollution during cement production, including emissions of particulate
matter (PM2.5), nitrogen oxides (NOx), and sulfur dioxide (SO,). Moreover, the results
indicate that, in terms of human health (DALY), the most significant contributors are fuel
and concrete, together accounting for a large portion of the impact. Fuel contributes the
highest, followed closely by concrete, indicating that energy consumption and emissions
from these materials and processes are critical factors affecting human health. Other
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elements like blasting material and transportation also play a role, but are less impactful
in comparison.
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Figure 5. The distribution of the dam’s components on the environmental impacts.

For ecosystem quality (PDF m? yr), the most striking result is the overwhelming
contribution of blasting materials, which account for the majority of the damage in this
category. This suggests that activities related to blasting are highly disruptive to ecosystems,
possibly due to habitat destruction. Wood also has a notable impact, likely related to
deforestation or land use changes, while other materials like concrete have a much smaller
effect on ecosystems. In the climate change (ton CO; eq) category, concrete is by far the
largest contributor, responsible for the vast majority of carbon emissions. This aligns with
the energy-intensive nature of concrete production, particularly in cement manufacturing.
Fuel also plays a significant role in emissions, reinforcing the need to address fuel usage to
mitigate climate change’s impacts. Transportation contributes a smaller but still noteworthy
amount of CO, emissions. Finally, in the resources (M] primary) category, fuel consumption
dominates resource use, indicating a high demand for energy in the processes involved.
Concrete follows as the next largest consumer of resources, suggesting that both material
production and energy consumption are driving factors in resource depletion.

Figure 6 illustrates the impact of pollution across four categories—resource consump-
tion, ecosystem pollution, climate change, and endangerment to human health—according
to the IMPACT 2002+ methodology. The graph provides a comprehensive representation
of pollution’s environmental effects by normalizing and weighting the created pollution
based on its importance factors, measured in MPt (megapoints). Notably, the graph reveals
that pollution generated for climate change and human health holds the top two positions,
while pollution related to resources and the ecosystem ranks third and fourth. Concrete
consistently emerges as the component with the highest impact in all categories, particu-
larly in climate change, where it scores nearly 0.04 MPt, surpassing the other components
such as blasting material.
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Figure 6. Total weighted and normalized environmental impacts using IMPACTS 2002+ on the
construction of 1 m width of the dam.

4.1.2. LCC Results of the Construction Stage

The results of the LCC analysis reveal that the estimated economic expenses for
the dam’s construction phase are anticipated to reach approximately USD 0.195 million.
In Figure 7, a graphical depiction illustrates the contributions of different construction
materials and operations to these costs. Concrete emerges as the most significant factor,
making an impactful contribution of USD 0.0959 million. Excavation follows closely
as the second most substantial contributor at USD 0.0384 million, succeeded by oil at
USD 0.0270 million.

Transportation, 0.0215
Blasting materials, 0.0025

Wood, 0.0093

0il, 0.0270

Concrete, 0.0959

4

Earth/rock excavation, 0.0384

!

Steel, 0.0004

Figure 7. The results of the LCC analysis for the dam’s construction phase (million USD).

4.2. The Effects of Demolition

By conducting CFA and LCC analyses, the total carbon emission and cost of de-
molishing the 1 m width of the dam were determined to be 735 ton CO, eq/m and
USD 0.138 million, respectively. Figure 8 illustrates the contributions of the parameters
to the CFA and LCC results of dam demolition. The analysis reveals that the most influ-
ential parameters affecting carbon emissions during dam demolition are landfill (51%)
and blasting material (46%), with transportation accounting for 3%, influenced by landfill
location. Similarly, in the LCC results, blasting material is the most significant parameter,
contributing to approximately 82% of the total cost.
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Figure 8. The contribution of the parameters on the (a) carbon emissions due to the destruction of the
dam and (b) the total price of the destruction of the dam.

4.3. The Effects of Recycling

This section assesses the economic and environmental implications linked to the
recycling of dam materials. The effects of recycling were considered within the framework
of the LCA by specifically examining the environmental impacts associated with the use
of recycled materials, such as RCA, in concrete production. This involved quantifying
the reduction in energy consumption, emissions, and resource depletion resulting from
the substitution of virgin aggregates with recycled materials. Additionally, the end-of-life
phase of the recycled materials was analyzed to assess their potential for reuse or recycling,
thus contributing to the overall sustainability of the concrete lifecycle.

4.3.1. CFA Results

Figure 9 depicts the carbon footprint generated during the decommissioning of the
dam, taking into account the recycling of used concrete and steel. The carbon footprint
attributed to the decommissioning process without recycling was calculated using CFA,
amounting to approximately 735 ton CO, eq/m. The results emphasize the significant im-
pact of material recycling on the carbon footprint, showcasing a substantial 95% reduction
in greenhouse gas emissions. This underscores the potential of incorporating sustainable
waste management practices to alleviate the environmental impacts.
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Figure 9. The effect of recycling steel and concrete on carbon footprint.
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4.3.2. LCC Results of Recycling

The findings indicate that the total cost for the demolition of the dam amount to
approximately USD 91.6 million. In Figure 10, the impact of recycling on the total cost of
dam demolition is illustrated. Notably, the inclusion of recycling concrete and steel results
in an increase in the overall cost of dam destruction. For instance, if all the utilized steel
and concrete are recycled, the total cost of the dam’s demolition reaches USD 0.142 million.
These results emphasize the importance of factoring in both economic and environmental
considerations related to waste disposal during the initial design and planning stages of
construction projects. This proactive approach is crucial for mitigating adverse impacts
and ensuring cost-effectiveness.
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Figure 10. The effect of recycling steel and concrete on the overall cost of dam destruction.

4.4. The Effects of Compressive Strength of the Concrete

Concrete is a major contributor to the environmental impacts of dam construction,
with cement being the most critical factor due to its high carbon footprint. The compressive
strength of concrete plays a crucial role in determining the overall sustainability of the
structure. Increasing compressive strength can reduce the required volume of concrete
in the dam, thereby lowering material consumption. However, this comes at the cost of
increased cement content in the mix, which has a significant environmental impact due to
its energy-intensive production process.

To explore this trade-off, the effects of different concrete compressive strengths—20 MPa,
30 MPa, 40 MPa, and 50 MPa—are investigated. For each case, the dam is designed to meet
the required structural stability while minimizing material use.

By considering the design criteria, the required volume of concrete for a 1 m width of
the dam varies with the compressive strength of the concrete. For compressive strengths of
20 MPa, 30 MPa, 40 MPa, and 50 MPa, the corresponding concrete volumes are 994.3 m3,
895.4 m3, 890.5 m3, and 887.2 m3, respectively. Figure 11 presents the carbon footprint
associated with the construction of 1 m width of dam using different compressive strengths.
The results indicate that although lower compressive strength requires a larger volume of
concrete, the total carbon footprint remains lower due to the reduced cement content in the
mix. In other words, increasing compressive strength leads to a decrease in concrete volume,
but results in a higher carbon footprint, primarily due to the increased cement consumption,
which is the dominant contributor to greenhouse gas emissions in concrete production.



Appl. Sci. 2025, 15, 2479

14 of 18

600

497
500

400
303
300

200

Carbon footprint (ton CO.eq)

100

30 40 50
Compressive strength (MPa)

Figure 11. The effect of increasing the compressive strength of concrete on carbon footprint per 1 m
width of the dam.

5. Conclusions

This paper conducts assessments of the LCA, CFA, and LCC for a concrete dam across
construction and decommissioning scenarios. While other studies [16,28] have investigated
the environmental impacts and costs of dams, this study focuses on the sustainability of
dams through material recycling and dam design considerations. It further examines the
impact of integrating recycling practices for demolished concrete and steel on the carbon
footprint and LCC results by considering different end-of-life scenarios, including material
recovery, reuse, and recycling processes. These scenarios assess the environmental benefits
of reducing raw material extraction and landfill use, along with the financial implications of
recycling logistics and potential savings from reusing materials. In essence, the evaluation
of these stages for the dam can be summarized as follows:

1.  Cement is the largest contributor to the carbon footprint of concrete due to its energy-
intensive production. Aggregates and admixtures contribute smaller but meaningful
emissions, while transportation and batching also add to the total footprint.

2. The findings highlight the significant environmental impact of concrete production
and fuel usage, which are the primary contributors to carbon emissions in construction
of 1 m width of the dam, with total CO, eq emissions reaching 355 ton/m. Concrete
alone accounts for over 305 ton CO, eq/m. The project’s non-renewable energy
consumption exceeds 5,700,000 MJ/m, largely driven by concrete and fuel.

3.  Climate change and human health rank as the top environmental concerns, with con-
crete consistently emerging as the dominant factor in these categories. These findings
reinforce the importance of addressing material production and energy consumption
to mitigate environmental impacts, particularly in large-scale construction projects
such as dam construction.

4. The total estimated cost for the dam’s construction phase is approximately USD
0.195 million, with concrete being the most significant contributor, accounting for
USD 0.0959 million. Excavation is the second-largest cost at USD 0.0384 million,
followed by oil usage at USD 0.0270 million. The overall cost for the decommissioning
of the dam is estimated at around USD 0.138 million. Integrating the recycling of
concrete and steel leads to an augmentation in the overall cost of dam demolition.
To illustrate, if all the employed steel and concrete are recycled, the total cost for the
dam’s demolition escalates to USD 0.142 million.
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5. The carbon footprint resulting from the decommissioning process, excluding recy-
cling, was assessed using CFA and amounted to around 735 ton CO; eq/m. The
outcomes underscore the considerable influence of material recycling on the carbon
footprint, demonstrating a notable 95% reduction in greenhouse gas emissions. Recy-
cling concrete as RCA not only reduces waste and conserves natural resources, but
also significantly lowers the carbon footprint by decreasing the demand for virgin
aggregate extraction. Recycled steel, similarly, can be repurposed in various construc-
tion applications, promoting a circular economy approach. These practices contribute
to environmental and economic benefits by minimizing landfill usage, reducing green-
house gas emissions, and aligning with sustainable development goals.

6.  While lower compressive strength requires more concrete, its total carbon footprint
remains lower due to its reduced cement content. Conversely, increasing compressive
strength reduces concrete volume, but significantly raises carbon emissions, as cement
consumption is the primary contributor to greenhouse gas emissions.

While this study provides valuable insights into the environmental and economic
impacts of recycling practices in the context of dam construction and decommissioning,
there are some limitations that should be acknowledged. Firstly, the reliance on the assump-
tion of a 20% recycling rate of concrete, based on global averages, may not reflect more
optimistic or region-specific recycling practices. Additionally, this study heavily depends
on data obtained from previous investigations due to the lack of detailed construction and
demolition records for the concrete dam. This reliance on secondary data may introduce
uncertainties in the results.

For future research, investigating the operational phases of dams could yield sig-
nificant insights into their long-term environmental and economic impacts. Specifically,
assessing the carbon footprint, life cycle costs, and life cycle impacts associated with
dam operations—such as maintenance practices, water management, and emissions from
reservoirs—can provide a clearer understanding of how to optimize these phases for
sustainability. Additionally, exploring the effects of using RCA and sustainable material
innovations in dam construction offers a promising pathway to reduce environmental
impacts. RCA'’s role in concrete dam design could impact LCC, LCA, and CFA by reducing
reliance on virgin materials and mitigating waste. Furthermore, research focused on opti-
mization approaches that minimize environmental impacts—considering factors such as
resource consumption, emissions, and ecosystem effects—can lead to the development of
more sustainable dam designs.
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Abbreviations

The following abbreviations are used in this manuscript:

CFA Carbon footprint analysis
GHGs Greenhouse gases

LCA Life cycle assessment

LCC Life cycle costs

LCI Life cycle inventory

RCA Recycled concrete aggregate
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