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Recycling construction and demolition waste (C&DW) into recycled concrete aggregates (RCA) is a 
sustainable strategy to reduce resource consumption and emissions. Most life cycle assessments 
(LCAs) focus on a single country and region, limiting broader applicability. This study conducts a novel 
comparative LCA of C&DW recycling systems across six countries and regions. By evaluating energy 
consumption, global warming potential (GWP), and fossil CO2 emissions in recycled concrete aggregate 
(RCA) production, significant regional differences are revealed, largely influenced by infrastructure, 
processing efficiency, and transport. In countries with mature recycling systems, RCA production 
reduces GWP by up to 97% per ton compared to natural aggregates manufacturing. Conversely, longer 
transport distances or inefficient operations in less developed systems can offset these benefits. While 
RCA generally demonstrates lower environmental impacts, its advantage is highly context-dependent. 
However, standardized global guidelines remain challenging due to regional disparities in waste 
sources and processing.
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The construction and demolition (C&D) sector accounts for considerable amounts of global solid waste1. By 
increasing rate of urbanization and infrastructure development, construction and demolition waste (C&DW) has 
become a serious problem in environmental and economic aspects. Traditional methods of waste management, 
like landfilling, aren’t more sustainable due to negative environmental impacts2. In response, recycling C&DW 
into reusable materials, such as recycled concrete aggregates (RCA), has gained notice as a viable strategy to 
mitigate these impacts. However, C&DW recycling faces systemic barriers across regions, including inconsistent 
regulatory frameworks, technological gaps, and economic viability challenges. For instance, developing 
economies often lack infrastructure for efficient sorting and processing, while developed regions struggle with 
market acceptance of recycled materials and high operational costs3,4.

Life Cycle Assessment (LCA) has emerged as a critical tool for evaluating the environmental impacts of 
C&DW recycling processes. LCA provides a systematic framework to quantify the environmental burdens 
associated with the entire life cycle of a product or process, from raw material extraction to end-of-life 
disposal5,6. By applying LCA, researchers and practitioners can identify key environmental footprints, compare 
alternative waste management strategies, and optimize processes to enhance sustainability. However, despite 
the growing body of literature on C&DW recycling, existing studies often lack a comprehensive, geographically 
diverse evaluation of environmental impacts, limiting the development of globally applicable sustainable 
practices. Most research focuses on single-country or regional analyses, neglecting critical variations in waste 
composition, energy grids, and recycling infrastructure across global contexts. This gap hinders the identification 
of transferable best practices and context-specific solutions.

Recent studies have demonstrated the potential of LCA to inform sustainable practices in the construction 
sector. Despite these advancements, comparative studies across diverse economic and regulatory contexts remain 
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rare. Addressing this deficiency, the present study conducts a standardized multi-country LCA of construction 
and demolition waste (C&DW) recycling, with a focus on recycled concrete aggregate (RCA) production in 
Brazil, Colombia, Hong Kong, India, Mainland China, and Spain. These countries and regions were purposefully 
selected to represent a wide spectrum of recycling system maturity and to capture key contrasts in policy 
frameworks, technological adoption, and energy profiles, enabling a significant understanding of how regional 
factors influence sustainability outcomes. In this study, maturity is conceptualized as the degree of development 
of a C&DW recycling system, as indicated by regulatory stringency, technological advancement, market 
integration, and best practice adoption, enabling this study to reveal how local and systemic factors influence 
environmental sustainability across contexts.

This study uses LCA to evaluate the environmental impacts of C&DW recycling processes across multiple 
countries and regions, focusing on the production of RCA. The research adopts the ISO 14040 and 14044 
standards to ensure methodological rigor and comparability of results. By providing in-depth, context-specific 
analysis of critical impact categories such as energy consumption, global warming potential (GWP), and fossil 
CO2 emissions, the study advances the field beyond generalized findings and offers actionable insights into 
how regional factors shape sustainability outcomes. The methodology is structured around key phases of LCA: 
goal and scope definition, life cycle inventory (LCI), life cycle impact assessment (LCIA), and interpretation of 
results. The cut-off system model is selected to streamline the analysis of multi-output processes, ensuring a clear 
separation of environmental burdens and benefits associated with waste treatment and resource recovery. Data 
for the LCI is sourced from a combination of academic literature, industry reports, and the Ecoinvent database, 
providing a robust foundation for the analysis. The functional unit of 1 kg of recycled concrete aggregate is used 
to standardize comparisons across different locations and processes.

Moreover, this study provides critical insights into how C&DW recycling practices vary across different 
regions, offering a foundation for more targeted and effective waste management strategies. By comparing energy 
consumption, emissions, and processing methods, the analysis reveals that environmental performance depends 
not only on technology but also on regional infrastructure, policy frameworks, and material flows. These findings 
move beyond broad generalizations, enabling stakeholders to identify specific areas for improvement based on 
their local context. The practical implications of this work extend across multiple levels of decision-making. 
For policymakers, the results highlight where regulatory interventions, such as incentives for electrification or 
requirements for recycled content, could have the greatest impact. Industry operators can use comparative data 
to benchmark their performance and prioritize investments in cleaner technologies or logistics optimization. 
Meanwhile, the standardized LCA approach developed here offers researchers a replicable methodology for 
future cross-regional studies.

While this study focuses on environmental metrics, achieving full comparability requires decomposition 
analysis from the source. This framework paves the way for more comprehensive assessments. Future work could 
integrate economic viability studies to identify cost-effective recycling models or explore social factors, such as 
the employment impacts of transitioning from informal to formal recycling sectors. Such multidimensional 
analyses would provide a broader understanding of how C&DW management contributes to sustainable 
development goals. Ultimately, this research underscores that achieving meaningful progress in C&DW 
recycling requires both global perspectives and localized solutions. The variations uncovered across regions 
suggest that prescriptive, one-size-fits-all approaches may be less effective than adaptable strategies that account 
for regional capacities and constraints. By building on these findings, the construction sector can develop more 
novel roadmaps toward circularity, ones that balance environmental imperatives with practical implementation 
realities across diverse economic and operational contexts.

Literature review
Life Cycle Assessment (LCA) has emerged as a pivotal tool in evaluating the environmental impacts of C&DW 
recycling, offering insights into the sustainability of different waste management strategies. While existing 
studies have applied LCA to C&DW recycling, this study addresses three critical gaps in limited cross-country 
comparisons of operational practices, inconsistent methodological approaches, and insufficient specificity in life 
cycle inventory (LCI) data for key processes like on-site equipment usage.

Recent studies have increasingly leveraged LCA to evaluate the environmental performance of diverse 
C&DW recycling strategies. A comparative analysis of end-of-life scenarios for carbon-reinforced concrete 
has highlighted the environmental advantages of recycling over landfilling7. The environmental impacts of 
various waste concrete recycling approaches for prefabricated components have been shown to be minimized 
by incorporating recycled aggregates and supplementary cementitious materials8. Optimization of recycling 
processes has been emphasized as critical for reducing environmental impacts and carbon emissions9, and the 
implementation of advanced sorting technologies has been demonstrated to significantly lower the environmental 
footprint in C&DW management, as evidenced in Hong Kong10. In Italy, the environmental evaluation of recycled 
aggregates underscores the role of recycling in mitigating resource depletion and landfilling11. The analysis of 
alternative recycling streams has been broadened by studies examining all-solid-waste high-strength concrete 
produced from waste rock aggregates, thereby enhancing the generalizability of comparative assessments 
beyond traditional concrete recycling12. Broader studies further reveal that integrating industrial by-products 
into concrete can substantially lower greenhouse gas emissions and energy use, with alternative binders like LC3 
and geopolymer providing additional sustainability benefits compared to conventional options13,14.

Technological and contextual considerations are also pivotal. Evidence from Malaysia suggests that 
prefabricated steel PPVC structures can provide long-term environmental and economic gains despite 
higher initial energy inputs15. (Kim, 2011) found transparent composite facades (TCFS) outperform glass 
curtain walls (GCWS) in energy efficiency and CO2 emissions over 40 years, underscoring the critical role of 
material selection in sustainable construction16. Transportation logistics have been identified as a significant 
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factor influencing the life cycle impacts of natural and recycled aggregate concrete17. Additionally, innovative 
processes such as optimized carbonation of waste concrete powder and accelerated carbonation treatment 
have demonstrated potential for substantial energy reductions and, in some cases, achieving carbon-negative 
outcomes18,19. Nevertheless, these studies generally remain limited by their geographic scope, thus constraining 
their generalizability to other regions with distinct waste streams, infrastructure, and policy environments.

For benchmarking and cross-country analysis, comprehensive reviews of environmental pressures in resource 
extraction, such as those quantifying CO2 emissions, water use, and land requirements, provide essential datasets 
for regional impact comparisons and help address gaps in emissions modeling20. Methodological advancements, 
including the application of multi-criteria decision analysis and dynamic system boundaries, have been proposed 
to expand LCA beyond static ISO frameworks and better account for transitional scenarios21. Stakeholder analysis 
on the practical implementation of advanced recycling techniques, such as carbonation curing approach, has 
further highlighted the relevance of policy engagement and market mechanisms in promoting urban sustainable 
governance22.

While regional studies (e.g., Italy and the UK) confirm recycling’s benefits over landfilling11,23, their localized 
focus limits applicability to diverse global contexts. This study bridges that gap by analyzing C&DW recycling 
across developed and developing economies using standardized functional units and system boundaries. 
Methodological inconsistencies in LCA studies further complicate the assessment of C&DW recycling’s 
environmental performance. Many studies have employed varying functional units, system boundaries, and 
impact categories, leading to challenges in comparing results across studies. For example24, one study identified 
significant inconsistencies in the definition and application of functional units in LCA studies on C&DW 
recycling, which can deviate interpretation of environmental impacts. Similarly, the lack of standardized 
environmental indicators has been a repetitive issue, with studies often employing different metrics to assess 
impacts, such as energy consumption and global warming potential24,25. These methodological discrepancies 
highlight the need for standardized LCA methodologies that ensure comparability and reliability of results 
across different studies.

Data gaps, particularly concerning energy and diesel consumption, have also been a critical limitation in 
existing LCA studies on C&DW recycling. Many studies have relied on secondary data or averaged values, which 
may not accurately reflect the real-world energy demands and emissions associated with recycling processes26,27. 
This lack of detailed LCI data can lead to underestimations of the environmental impacts of C&DW recycling, 
particularly in terms of direct emissions of CO2, CH4, and N2O from diesel usage. Addressing these data gaps 
is essential for enhancing the accuracy and relevance of LCA findings and for informing sustainable waste 
management practices.

This study addresses three research gaps in C&DW recycling through a multinational comparison across 
different technological and regulatory contexts. Using a cut-off system model with 1 kg RCA as the functional 
unit, we analyze transportation, sorting, and processing stages through three key indicators: energy consumption, 
GWP, and fossil CO2 emissions. These metrics were selected for their relevance to recycling operations and 
policy applications28, providing comparable environmental impact assessment across countries.

The resulting framework offers policymakers benchmarks for comparing recycling performance across 
regions, while giving operators specific targets for reducing energy use and emissions, particularly valuable 
for developing economies where C&DW recycling infrastructure is rapidly expanding. By resolving previous 
methodological inconsistencies and data limitations, this work enables more accurate lifecycle comparisons and 
better-informed decisions about sustainable construction waste management globally.

Methodology
This study applies LCA by ISO standards to evaluate the environmental impacts of recycling construction and 
demolition waste. The process begins by defining the goal, scope, and system boundaries, utilizing a cut-off 
system model to simplify multi-output processes. Life cycle inventory data is sourced from a range of reginal-
specific cases, focusing on energy consumption and emissions. Environmental impacts are then quantified, 
offering a systematic framework for analyzing and enhancing sustainable waste management practices, as the 
general framework for LCA demonstrated in Fig. 1.

Life cycle assessment
LCA is a method used to comprehensively evaluate and quantify the environmental impacts of products or 
processes. When it comes to managing C&DW, LCA can complement the traditional waste management 
hierarchy of reducing, reusing, recycling, and disposing29. The International Organization for Standardization 
(ISO) has set out the 14040 and 14044 standards, which offer a standardized framework for conducting and 
reporting LCA studies5,6. These standards outline an LCA study in four stages, including goal and scope 
definition, life cycle inventory, life cycle impact assessment, and interpretation.

The LCI comprises various independent unit processes forming the system collectively. Some of these 
processes generate multiple outputs. Each unit process must be simplified to produce a single output to ensure 
effective LCA calculations. Consequently, a system model separates multi-output unit processes into several 
single-output processes and interconnects them, consolidating the inputs and outputs into a cohesive product 
system30,31. The Ecoinvent database31 offers three system models for calculating impacts from the same raw data, 
each using different assumptions to assess environmental impacts:

	1.	 Cut-off System Model: Separates waste production impacts from treatment benefits, assigning all burdens to 
production without crediting recovered resources.

	2.	 APOS System Model: Combines production and treatment impacts, allocating them between the reference 
and recycled products. Both cut-off and APOS are attributional but differ in waste treatment handling.
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	3.	 Consequential System Model: Incorporates market dynamics and indirect policy effects, distributing im-
pacts across byproducts while considering broader economic consequences.

Both attributional and consequential modeling approaches have their own advantages and limitations. 
Attributional approaches focus on quantifying the current environmental impacts of a product, while 
consequential models aim to capture the potential future impacts or consequences of marginal changes in 
product demand32. Some argue that the results of consequential models are highly sensitive to geography 
and local economic factors, making their findings challenging to communicate33. In contrast, attributional 
approaches provide more interpretable results due to their simplicity34,35.

This study employs the cut-off model to enable consistent comparison of environmental impacts across sites 
and countries, avoiding speculative projections about future production or technology shifts. The consequential 
model was not feasible due to limited access to site-specific market data and marginal supply information. 
However, the cut-off approach has limitations: it assigns all waste treatment burdens to production without 
crediting material recovery, potentially overestimating impacts for high-recycling systems and neglecting 
downstream market effects. These constraints should be acknowledged, especially when assessing circular 
economy systems where recycling and secondary markets are significant36.

Goal and scope
In this analysis, the system boundaries include the transportation of waste to the recycling plant as well as 
the recycling operations themselves. The recycling process involves several key stages, facilitated by specialized 
equipment such as loaders, excavators, feeders, crushers, sieves, electromagnets for metal separation, and 
belt conveyors37. Inventory data for each country and site were sourced from plant surveying, supplemented 
by complementary data obtained from equipment manufacturers. Additional background data, where 
necessary, were derived from established databases such as Ecoinvent, and peer-reviewed literature, ensuring 
comprehensive and reliable life LCI inputs. The data inputs are electricity and diesel, the outputs are CO2, N2O, 
and CH4 emissions from diesel consumption for the recycling process. Additionally, environmental impacts, 
including indicators such as energy consumption, global warming potential (CO2, e), and fossil CO2 emissions 
for producing 1 kg of recycled aggregate from C&DW.

The functional unit is determined as 1 kg of concrete, which is the basis for comparison. Selecting an appropriate 
functional unit is essential for comparing and evaluating the LCA of alternative products and services. Different 
functional units can yield varying results for the same product or system38,39. The selection of 1 kg of concrete 
as the functional unit was based on its suitability for material-level environmental impact assessment, ensuring 
direct comparability with existing LCA databases and studies while maintaining methodological consistency. This 
mass-based approach provides unambiguous impact allocation that remains unaffected by variables like density 
variations in recycled aggregates or strength differences in mix designs, which would complicate volume- or 
performance-based functional units. While alternative functional units (e.g., 1 m3 for volume or strength-based 
metrics) may better reflect specific construction applications, they introduce additional assumptions and system 
boundary complexities that fall outside this study’s focus on fundamental production and recycling impacts5,6.

Life cycle inventory (LCI)
Life cycle inventory (LCI), as outlined by ISO 14040, is an analytical process that entails gathering and finalizing 
data on the inputs and outputs, or the flow of life cycle stages, for a product throughout its development40. The 

Fig. 1.  Four stages of life cycle assessment.
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LCI compiles data for each unit process within the defined system boundary. This data includes the inputs and 
outputs of resource flows, as well as emissions to air. A unit process is the smallest component of the system 
for which data is collected, performing a specific sub-function that contributes to the system’s overall function. 
For processes such as electricity production and transmission, diesel production, and road transport, data were 
sourced from various references, including government reports, research articles, and the Ecoinvent database.

This study leverages first-hand operational data from recycling plants across countries to conduct a rigorous 
comparative life cycle assessment of recycled concrete aggregate production. The analysis draws on verified 
plant-level measurements of electricity and diesel consumption from sources including equipment monitoring 
systems, government energy audits, and peer-reviewed industrial case studies, ensuring data reliability while 
acknowledging regional variations in measurement protocols.

The RCA production processes vary significantly across plants, as evidenced by flowcharts and equipment 
analyses. While some facilities employ sophisticated, automated systems with high energy efficiency, others rely 
on traditional, labor-intensive methods. The flow diagram of RCA production among various plants has been 
shown in Fig. 2. These technological differences directly impact production quality, operational efficiency, and 
environmental performance. Notably, plants demonstrate varying degrees of dependence on diesel-powered 
versus electric equipment, creating distinct energy consumption profiles. Through systematic analysis of these 
process flows and their associated data, environmental impacts and opportunities for optimization could be 
quantified accurately, particularly in transitioning from diesel-dependent operations to cleaner, more efficient 
technologies. The raw inventory data for each site and production processes have been extracted and processed 
from local manufacturers and peer-reviewed literature41–43.

This research initially calculates the diesel consumption for C&DW transportation to the recycling plant and 
machinery such as loaders and excavators operating within the recycling site. In this part, diesel consumption 
for the transportation of C&DW to recycling units is added to the diesel consumption of handling equipment in 
the recycling site. For instance, in Brazil, the average transport distance from the construction and demolition 
waste (C&DW) site to the six nearest recycling plants in São Paulo has been calculated as 20 km, measured 
from the city’s central point. As the demolished concrete arrives at the site, waste processing begins. During 
these processes, electrical energy consumption is estimated based on the usage of each piece of equipment, as 
detailed in the equipment catalog or the electricity bills provided by the manufacturer. The total electrical energy 
consumption is then calculated in kilowatt-hours (kWh).

Moreover, Table 1 provides a comprehensive inventory of various processes extracted from the Ecoinvent 
and local databases, detailing their cumulative energy demand (CED) and associated CO2 emissions. This 
table includes data on electricity production and transmission, diesel production, road transport, wood pellet 
production, and waste disposal. Each process is quantified in terms of its functional unit (FU), with corresponding 
values for energy consumption (MJ/FU) and CO2 emissions (kg/FU).

Life cycle impact assessment (LCIA)
In life cycle impact assessment, relevant environmental impact categories like Global Warming Potential (GWP), 
Energy Consumption, and Fossil CO2 Emissions are selected. The inventory data is converted to potential 
environmental impacts for each category. Then, the quantities of demolished concrete waste, electricity, and 
diesel are considered as inputs to the model. The outputs of the process within the model’s scope include the 
production of 1 kg of RCA. Other outputs are CO2, CH4, and N2O emissions. Afterward, the environmental 
indicators such as energy consumption, global warming potential, and fossil CO2 emissions are calculated. 
Finally, energy consumption is assessed using the Cumulative Energy Demand method (version 1.11). The 
Global Warming Potential (GWP) is evaluated with the IPCC method, applying a 100-year time horizon (2021 
version 1.01). Fossil CO2 emissions are quantified using the fossil CO2 into the atmosphere method, facilitated 
by Simapro software version 9.4.

Results and discussion
Comparative environmental impact analysis
The environmental performance of recycling is influenced by various factors, including transportation distance, 
energy consumption during plant operations, and the electricity mix used. Using comparative tables and graphs, 
differences between processes and impacts are investigated. The unit processes and environmental indicators are 
calculated based on the inventory data in Table 2.

The analysis reveals three distinct energy consumption models in global C&DW recycling plants:

	1.	 Electrically dominant systems like Shanghai’s plant, which achieves near-zero diesel use but remains highly 
energy-intensive.

	2.	 Balanced hybrid approaches exemplified by Brazil’s Odebrecht plant, combining moderate diesel use with 
high electrification supported by renewable energy.

	3.	 Diesel-dependent operations seen in Mumbai and Hong Kong.

An inverse relationship exists between electricity and diesel use, suggesting substitution opportunities. While 
complete electrification remains ideal, strategic electrification of high-load processes can yield significant 
benefits. Spain’s La Blonga plant emerges as an outlier with dual energy intensity, potentially indicating unique 
processing requirements or inefficiencies requiring further investigation.

The analysis of CO2, CH4, and N2O direct emissions from diesel across various locations in Fig.  3a, b,c 
reveals significant differences in environmental impact. Shanghai Plant maintains its position as a low emission 
benchmark, with minimal diesel related CO2 emissions directly reflecting its near zero diesel dependence. At 
the other extreme, Mumbai Maharashtra Plant and Spain La Blonga Plant show the highest emission levels, 
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corresponding to their heavy reliance on diesel-powered equipment. Brazil’s facilities illustrate contrasting 
profiles: the Odebrecht Plant shows intermediate emissions consistent with a partially electrified, hybrid 
energy model, while the São Bernardo do Campo Plant exhibits higher diesel-related emissions, indicative 
of more conventional, fuel-dependent operations. Similarly, Colombia’s Greco Plant and India’s IL&FS Plant 

Fig. 2.  Simplified flow diagrams of concrete waste recycling processes across countries.
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Fig. 2.  (continued)

Process Ecoinvent inventory
Functional 
unit (FU) CED (MJ/FU)

CO2eq CO2 
(kg/
FU)(kg/FU)

Electricity production and transmission Electricity, medium voltage, CN, market group for, Cut-off, U 1 kWh 10.7 1.02 0.856

Diesel production Diesel, GLO, market group for, Cut-off, U 1 kg 53.6 0.485 0.439

Road transport (with diesel consumption and 
corresponding atmospheric emissions)

Market for transport, freight, lorry 16–32 metric ton, EURO6, 
RoW 1 tkm 2.7 0.169 0.163

Production of wood pellets Market for wood pellet, measured as dry mass, RoW, Cut-off, U 1 kg 9.78 0.159 0.144

Waste disposal in inert landfill Treatment of inert waste, inert material landfill, RoW, Cut-off, U 1 kg 0.158 0.00517 0.0049

Disposal of waste in landfill Treatment of municipal solid waste, sanitary landfill, RoW, 
Cut-off, U 1 kg 0.374 0.614 0.0223

Table 1.  Inventories extracted from the ecoinvent and local database.
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present balanced hybrid profiles, combining moderate diesel use with some degree of electrification. These 
regional differences underscore how operational decisions regarding equipment power sources directly shape 
environmental outcomes.

The climate implications of these emissions necessitate particular attention. While CO2 dominates in terms 
of total quantity, the presence of N2O (with a global warming potential 298 times that of CO2) means even trace 
emissions can significantly influence a facility’s overall climate impact44. Plants like India Mumbai and Spain La 
Blonga, which show the highest N2O emissions, may have disproportionate climate impacts despite what appear 
to be modest absolute emission values. This finding suggests that emission reduction strategies should prioritize 
not just total diesel consumption but also technologies that specifically target nitrogen oxide formation during 
combustion.

Figure 4a, b shows the trade-offs between energy consumption and environmental impacts across C&DW 
recycling facilities. When examining energy consumption patterns, we observe significant variation between 
facilities. These differences highlight how operational choices, regional energy sources, and output material 
quality standards shape climate performance. The Shanghai Plant records the highest electricity and total energy 
use among all sites. Despite low diesel consumption, it exhibits relatively high fossil CO2 emissions, suggesting 
that while electrification reduces direct emissions, its environmental benefits are limited by the fossil intensity of 
China’s electricity grid. Brazil’s Odebrecht and São Bernardo do Campo Plants highlight intra-country contrasts. 
The Odebrecht Plant relies more on electricity and benefits from Brazil’s cleaner, hydropower-based grid, leading 
to lower fossil CO2 emissions. In contrast, the São Bernardo do Campo Plant has greater diesel dependence 
but still shows slightly lower fossil CO2 emissions and comparable GWP. This reflects lower total energy 
consumption, highlighting that both fuel type and process intensity influence emissions. This underscores the 
importance of grid decarbonization alongside electrification to fully realize climate benefits.

Plants like India Maharashtra and Hong Kong Tuen Mun demonstrate that relatively moderate energy 
use can still result in disproportionately high emissions due to diesel reliance. Their fossil CO2 and GWP 
values exceed those of more electrified sites, confirming the need for fuel-specific environmental standards 
in addition to general energy efficiency metrics. Conversely, Colombia’s Greco Plant and India’s IL&FS Plant 
exemplify successful hybrid models. With limited diesel and moderate electricity use, both achieve low fossil 
CO2 emissions and GWP, indicating that balanced operational strategies can deliver strong environmental 
outcomes even without full electrification. These cases highlight the potential for efficiency gains through 
operational optimization. The comparison between Spain’s La Blonga and Córdoba Plants further illustrates 
the role of modernization, output specifications, and process choices. La Blonga plant shows high GWP and 
fossil CO2 values due to substantial diesel and electricity use, reflecting a transitional hybrid system. This may 
also stem from the production of higher-quality recycled materials, which often require more energy-intensive 
processing to meet market standards. Meanwhile, Córdoba plant demonstrates that mature markets can operate 
efficiently with less emissions by using lower energy input per output. These findings suggest that while full 
electrification remains a long-term ideal, phased improvements can yield meaningful climate benefits, especially 
when aligned with cleaner electricity sources. Tiered policy frameworks should reflect local readiness, output 
quality expectations, and grid contexts to support this transition.

These findings serve to redefine priorities for sustainable C&DW management by indicating the ways in 
which regional variations in environmental performance are shaped by underlying systemic barriers. First, the 
results underscore that the primary challenge is not simply energy reduction, but the procurement of clean 
energy, a shift that is often impeded by region-specific regulatory frameworks and the availability of renewable 
energy infrastructure. This finding aligns with several previous LCA studies10,11, which similarly emphasize 
the decisive impact of regulatory and infrastructural factors on decarbonization potential in recycling systems. 
Second, the validation of hybrid systems as transitional solutions highlights the importance of regulatory and 
market incentives in facilitating the phased adoption of electrification, while the absence of clear policy-driven 
phase-out mechanisms can impede long-term sustainability objectives. Third, the analysis demonstrates that 
output material quality, which can substantially influence energy and fuel demands, is contingent upon both 
technological capacity and local market requirements, the patterns corroborated by previous studies highlighting 

Location

Input Output (Direct emissions from diesel) Environmental indicators

Electricity 
(kWh) Diesel (kg) CO2, to air (kg) CH4, to air (kg) N2O, to air (kg)

Energy 
consumption 
(MJ)

Global 
warming 
potential (kg 
CO2 eq)

Fossil 
CO2 
emission 
(kg)

Brazil Odebrecht Plant 7.76E-03 2.07E-04 4.90E-04 2.00E-08 4.00E-09 4.39E-02 5.00E-03 2.67E-03

São Bernardo do Campo Plant 1.69E-03 6.04E-04 1.21E-03 4.87E-08 9.50E-09 4.27E-02 3.16E-03 1.21E-03

Colombia Greco Plant 1.90E-03 1.43E-04 2.93E-04 1.18E-08 2.29E-09 2.64E-02 2.29E-03 2.93E-04

Hong Kong Tuen Mun Plant 7.85E-04 8.09E-04 1.83E-03 7.34E-08 1.43E-08 5.81E-02 3.50E-03 1.83E-03

India IL&FS Plant 2.15E-03 2.06E-04 4.73E-04 1.90E-08 3.70E-09 3.27E-02 2.76E-03 4.73E-04

Mumbai Maharashtra Plant 6.50E-04 1.01E-03 2.04E-03 8.20E-08 1.60E-08 4.85E-02 3.08E-03 2.04E-03

Shanghai Plant 1.97E-03 2.35E-05 4.64E-05 1.86E-09 3.64E-10 7.08E-02 2.93E-03 2.92E-03

Spain Córdoba Plant 1.49E-03 1.65E-04 3.32E-04 1.33E-08 2.60E-09 1.25E-02 9.39E-04 3.32E-04

Spain La Blonga Plant 2.77E-03 1.08E-03 2.15E-03 8.65E-08 1.69E-08 7.36E-02 5.39E-03 2.16E-03

Table 2.  Unit process and environmental indicators – production of 1 kg of RCA.
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that regions with stricter regulatory standards or higher demand for specialized recycled materials often face 
increased processing burdens and emissions14.

Importantly, the results highlight the critical role of context-specific innovation, defined as technological, 
operational, or organizational strategies, that are particularly effective within the unique regulatory, 

Fig. 3.  Direct emissions from diesel consumption (a) CO₂ (b) N₂O (c) CH₄, generated using Python 3.13 
(https://www.python.org/).
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socioeconomic, and infrastructural conditions of a given region. For instance, Shanghai’s advanced automation 
exemplifies an innovation optimized for its dense urban setting, high energy demand, and particular labor 
market dynamics. While automation has delivered substantial environmental benefits in Shanghai, its direct 
transferability to regions with different economic structures or infrastructural constraints may be limited. 
Conversely, Córdoba’s efficient conventional processes represent a distinct form of innovation, achieving notable 
performance improvements within the context of its available resources and regulatory environment. Comparative 
analysis with other plants in the study reveals that Córdoba’s operational model, while highly effective locally, 
may require significant adaptation to yield similar benefits in other settings. Practical implementation requires 
regional innovation hubs to adapt to the best global practices, supported by transparent benchmarking of energy 
sources, emissions, and output quality standards.

Comparative analysis of natural aggregate and recycled concrete aggregate
The comparison of natural aggregates (NA) and recycled aggregates (RCA), considering the data from Tables 2 
and 3, highlights significant differences in their environmental impacts. Natural aggregates demonstrate 
considerable variability in their environmental impacts, with global warming potential (GWP and energy 
consumption. This wide range reflects differences in extraction methods (crushed vs. rolled) and aggregate 
types (coarse vs. fine), with crushed materials generally showing higher impacts due to more energy-intensive 
processing requirements. In contrast, recycled aggregates’ environmental impacts are consistently at or below 
the lower end of the natural aggregate spectrum, demonstrating RCA’s superior environmental performance.

The data reveals several important patterns. First, the processing method significantly influences 
environmental impacts for both material types, with crushing operations consistently showing higher energy 
demands and emissions than rolling. Second, while some natural aggregate scenarios (particularly rolled coarse 
aggregates) can approach RCA performance levels, recycled materials offer more consistent and reliably lower 
impacts.

These findings strongly support the use of recycled aggregates as a more sustainable alternative to natural 
materials in construction applications. The environmental benefits of RCA are particularly pronounced in 
regions with well-developed recycling infrastructure, where optimized processing can minimize energy use 
and emissions. However, the analysis also suggests opportunities for improving natural aggregate production 
through the adoption of less energy-intensive processing methods and cleaner energy sources. For maximum 
environmental benefit, project specifications should prioritize RCA where technically feasible while continuing 
to optimize natural aggregate production for applications where raw materials remain necessary.

Limitations
It is important to recognize several methodological and data-related limitations inherent in this study. The 
adoption of the cut-off model, which attributes all environmental burdens associated with waste treatment 
to the production phase without assigning credits for recovered resources, constitutes a primary constraint. 

Fig. 3.  (continued)
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While this approach facilitates methodological consistency and comparability across diverse regional contexts, 
it may inadvertently lead to an overestimation of environmental impacts, particularly in regions characterized 
by advanced, high-recycling systems where material recovery and secondary market integration are substantial. 
The decision to adopt the cut-off approach, rather than a consequential modeling framework, was informed 
by a constellation of factors extending beyond the frequently cited limitation of access to site-specific market 
data. Notably, the significant heterogeneity in data availability and quality, the diverse landscape of end-use 
markets for recovered materials, and the absence of harmonized reporting standards for downstream product 
flows across countries collectively precluded the reliable allocation of credits for recovered resources or the 
modeling of downstream market effects. Notable disparities in both the quality and availability of data arose 
from differences in regional data collection methodologies, reporting standards, and the degree of transparency 
among governmental and industry sources. These inconsistencies occasionally required the use of estimations 
and directly influenced the selection of countries and processes, as the study prioritized jurisdictions with 
sufficiently robust and harmonized data to preserve the validity and comparability of the analysis. The reported 
impact indicators should be regarded as conservative estimates, particularly for contexts with mature circular 
economy practices, where the omission of credits for material recovery and market effects may obscure the 

Fig. 4.  Global warming potential (a) (circle size) and Fossil CO2 emission (b) (circle size) vs. energy 
consumption across global plants, generated using Python 3.13 (https://www.python.org/).
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true extent of environmental benefits. Consequently, caution is warranted when implementing these findings to 
policy and industry applications, especially in settings with high levels of market integration.

Additionally, the methodological framework employed in this study exhibits inherent limitations with respect 
to capturing the dynamic trajectory of technological innovation, as it does not incorporate prospective LCA or 
systematic technological forecasting. Systematic analysis of emerging innovations, such as through patent data, 
enables designers to anticipate and incorporate new materials and manufacturing methods while prospectively 
assessing their environmental impacts using LCA methodologies52, thus providing a more dynamic and 
forward-looking sustainability evaluation. Such an approach would not only facilitate evaluation of sectoral 
and cross-domain shifts precipitated by technological advancement, but also support iterative improvement 
through interdisciplinary stakeholder engagement and the establishment of robust feedback mechanisms. While 
narrowing the scope of data sources may partially address challenges of information overload, it cannot fully 
resolve the complexities in assessing the sustainability implications of rapidly evolving technological landscapes. 
Future research should prioritize the development of harmonized data standards, enhanced transparency in 
reporting, as well as the integration of prospective LCA approaches to more holistically capture the complex, 
dynamic, and circular nature of contemporary construction and demolition waste management systems.

Conclusion
This study provides a comprehensive comparison of the environmental performance of construction and 
demolition waste recycling facilities across different regions. The findings demonstrate clear environmental 
advantages of recycled aggregates over natural alternatives. Recycled materials consistently show lower carbon 
footprints and energy demands compared to conventional natural aggregates, particularly when contrasted 
with energy-intensive crushed stone production. However, certain processing methods for natural materials, 
especially rolled aggregates, can approach the efficiency levels of recycling in optimal conditions.

This study also underscores the complexity of setting a complete standard guideline for comparison across 
regions. It highlights the importance of considering regional contexts, often requiring a case-by-case or country-
by-country approach, with decomposition analysis needed for full comparability. Regional analysis highlights 
distinct operational models. European facilities showcase advanced approaches, from Spain’s highly efficient 
Córdoba plant to its La Blonga facility which prioritizes premium quality outputs through more energy-
intensive processes. Asian operations present striking contrasts, with China’s electrified plants outperforming 
diesel-dependent systems in space-constrained urban centers. Developing economies face particular challenges 
in balancing energy use with emissions, often relying on transitional hybrid systems. The study identifies several 
actionable pathways for advancing sustainability in C&DW recycling. Process electrification, optimization of 
material flows, and the integration of renewable energy sources are highlighted as key strategies. For regions 
with less mature recycling infrastructure, a phased transition from diesel-powered to hybrid and eventually fully 
electrified systems is recommended.

These findings hold significant implications for both policymakers and industry leaders. Policymakers can 
leverage regional differences in energy consumption and emissions profiles to develop targeted regulatory 
frameworks, incentives, and investment priorities that address local systemic barriers while capitalizing on 
context-specific strengths. Comparative benchmarking, as presented in this analysis, can inform the setting 
of realistic targets and support the dissemination of best practices tailored to the maturity and needs of each 
region. For industry practitioners, this study recommends adopting advanced automation where appropriate, 
optimizing operational processes by drawing on effective models from comparable regions, and investing in 
technologies and practices with demonstrated efficacy in reducing energy consumption and emissions. Aligning 
these operational decisions with data-driven insights from this study enables the sector to enhance sustainability 

Ref

Coarse/fine Natural/ Crushed/ GWP Energy consumption

Recycled Rolled (kg CO2 eq) (MJ)
46 Coarse Natural Crushed 3.14E-02 4.41E-01
47 Coarse Natural Crushed 1.54E-02 2.40E-01
48 Coarse Natural Crushed 4.39E-03 3.20E-01
49 Coarse Natural Crushed 2.12E-03 2.19E-02
50 Coarse Natural Crushed 3.20E-02 4.96E-01
51 Coarse Natural Rolled 1.39E-03 1.48E-02
49 Coarse Natural Rolled 1.34E-03 1.12E-02
48 Fine Natural Rolled 4.39E-03 3.20E-01
49 Fine Natural Rolled 2.12E-03 2.19E-02
46 Fine Natural Rolled 9.87E-03 1.35E-01
50 Fine Natural Rolled 2.30E-02 3.41E-01
49 Fine Natural Rolled 1.43E-03 1.12E-02
46 Fine Natural Crushed 2.79E-03 3.92E-01
50 Fine Natural Crushed 3.30E-02 5.18E-01
49 Fine Natural Crushed 2.12E-03 2.19E-02

Table 3.  Environmental indicators – production of 1 kg of natural aggregate45.
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performance and proactively respond to evolving regulatory and market dynamics. Looking forward, this 
research establishes a foundation for ongoing improvements in construction waste management. Future efforts 
should focus on integrating emerging technologies, enhancing material quality standards, and developing 
circular business models. Such advancements will be crucial for realizing the full environmental potential of 
construction material recycling across global markets. The study underscores that while technical solutions exist, 
their successful implementation requires tailored approaches that consider regional economic and operational 
realities. By combining global best practices with local adaptations, the construction sector can significantly 
reduce its environmental footprint while meeting growing infrastructure demands.

Data availability
The data used to support the findings of this study are included within the article.
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