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Abstract
Reducing embodied carbon in concrete production requires a systems-level evaluation of
alternative material pathways across the entire production lifecycle. This study presents a
cradle-to-gate  life  cycle  assessment  of  low-carbon  concrete  incorporating  recycled
concrete  aggregate  (RCA)  and  rice  husk  ash  (RHA)  as  partial  aggregate  and  cement
replacements,  respectively.  Secondary  data  on  ten  concrete  scenarios  with  varying
replacement  levels  of  RCA (0%, 25%, 50%, 75%, and 100%) and RHA (0% and 10%)
were  adopted and assessed across  multiple  environmental  impact  categories,  including
global warming potential (GWP), mineral resource scarcity (MRS), terrestrial acidification,
freshwater  ecotoxicity,  water  consumption  (WC),  human  carcinogenic  toxicity,  and
cumulative  energy  demand  (CED).  Transportation  and  preprocessing  stages  were
incorporated  to  capture  environmental  tradeoffs  associated  with  circular  material
integration.  Cement  replacement  with  10%  RHA  reduced  GWP  by  6.45%,  while  full
replacement of  natural  coarse aggregates with RCA reduced GWP by 1.12%. Among all
mixtures, the 10% RHA-100% RCA mixture exhibited the lowest environmental burdens,
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INTRODUCTION
The construction sector remains one of the largest contributors to global greenhouse gas emissions due to

the extensive consumption of energy-intensive materials such as cement and aggregates. Cement production

alone accounted for approximately 1.6 billion metric tons of carbon dioxide emissions in 2022, representing

nearly 8% of global anthropogenic carbon dioxide emissions
[1]

. As one of the fastest-growing industrial

sectors, global cement production has increased by approximately 2.6 billion tons over the past three

decades
[2]

, thereby increasing the environmental burden of conventional concrete production. Rapid

urbanization and infrastructure development have therefore shifted the focus of the construction industry

toward developing infrastructure that is not only structurally durable, but also environmentally sustainable

and resource efficient.

Concrete production involves the extraction and processing of raw materials, transportation, cement clinker

production, aggregate preparation, and concrete mixing
[3-5]

. Among these processes, clinker production is

widely recognized as the primary environmental hotspot due to fuel combustion and limestone calcination
[6]

,

which together account for 76% to 80% of the total embodied energy, and emissions of about 400 kg CO
2
-

eq per m
3
 of concrete produced

[7]
. Consequently, reducing the embodied carbon of concrete requires not

only material substitution but also systems-level assessment of environmental tradeoffs throughout the

production life cycle. From the use of water-reducing admixtures to the intervention of carbon capture

technologies, recent advances in sustainable construction materials are directed towards the sustainable

integration of supplementary cementitious materials (SCM)
[8,9]

 and recycled aggregates
[10,11]

 to decarbonize

concrete and reduce the dependence on virgin resources. Nearly all concrete produced today has some

amount of SCM, such as rice husk ash (RHA), fly ash, slag cement, and volcanic ash, with some being waste

by-products of other industrial processes and others being naturally occurring materials
[12]

. Althoey et al.
[13]

found that using SCMs as a replacement for ordinary cement is highly beneficial for simultaneously reducing

the carbon footprint while maintaining high levels of strength and durability
[14,15]

. Furthermore, although the

incorporation of recycled concrete aggregate (RCA) may adversely affect compressive strength due to the

presence of adhered mortar and increased porosity
[16]

, studies integrating RCA with cement replacements

such as RHA
[17,18]

 have demonstrated improvements of 22.16%, 20.41%, and 22.31% in compressive, split

tensile, and flexural strength, respectively
[19]

.

The utilization of these alternative materials has therefore become increasingly attractive in rapidly

urbanizing developing countries, where infrastructure demand, construction waste generation, and

agricultural residue accumulation continue to intensify simultaneously. In the Philippines, approximately 2.8

million tons of rice husk are generated annually
[20]

. Given the abundance of rice husks in the country, their

utilization as SCM offers an attractive alternative to open burning or disposal while simultaneously reducing

environmental impacts
[21]

. Recycling concrete, on the other hand, has been a common practice since early

Roman times, as this reduces construction waste and benefits the industry economically
[22]

. Integrating RHA

and RCA into concrete production, therefore, presents opportunities for circular economy implementation,

waste valorization, and carbon footprint reduction.

achieving 7.55% GWP reduction, 6.09% CED reduction, 10% reduction in MRS, and 68.5% reduction in WC relative
to conventional concrete while satisfying the required compressive strength (> 21 MPa). Sensitivity and scenario
analyses confirmed that comparative environmental ranking remained unchanged under variations in transportation,
RHA  production  yield,  cement  manufacturing  efficiency,  and  transportation  modes.  Sustainability  performance
indicators  further  showed  superior  durability-oriented  sustainability  of  RCA-RHA  concrete  mixtures  despite
moderate  reductions  in  compressive  strength.  Overall,  the  findings  demonstrate  that  lifecycle-informed circular
material  substitution  strategies  support  embodied-carbon  reduction,  resource  conservation,  and  durability
enhancement  in  concrete  production  without  compromising  structural  feasibility.



Castillo et al. Carbon Footprints 2026, 5, 44 Page 3 of 27

With the increasing utilization of RHA and RCA in sustainable concrete production, systematic tools such as

life cycle assessment (LCA) have become important for further promoting the technology, especially in a

sustainability context. Such tools provide a systems engineering framework for quantifying environmental

impacts throughout a product’s lifecycle and identifying intervention points for carbon reduction. Through

hotspot identification and scenario-based analysis, LCA supports lifecycle-informed decision-making for

sustainable infrastructure systems
[23]

. Previous cradle-to-gate studies on conventional concrete production

have consistently identified cement manufacturing as the primary environmental hotspot due to clinker

calcination and fuel combustion emissions
[24]

. Although it constitutes only a small fraction of concrete by

mass, cement dominates most environmental impact categories, including global warming potential (GWP),

due to its energy-intensive production process. In contrast, quarrying and ready-mix operations contribute

significantly to particulate matter emissions and related environmental burdens.

Recent studies have also explored the incorporation of RCA and RHA as low-carbon alternatives in concrete

production. Ding et al.
[25]

 reported that RCA integration slightly increased GWP and cumulative energy

demand (CED) due to additional processing and transportation requirements but substantially reduced

primary mineral resource consumption. Similarly, Silgado et al.
[26]

 demonstrated that replacing ordinary

Portland cement with RHA significantly reduced environmental impacts across multiple categories,

including GWP, mineral resource scarcity (MRS), and water consumption (WC), primarily due to reduced

cement demand and the valorization of agricultural waste. Preliminary work further showed that the

simultaneous incorporation of RCA and RHA reduced overall GWP relative to conventional concrete
[27]

.

More recently, Nian et al.
[28]

 extended the environmental assessment of recycled aggregate concrete beyond

the production stage by introducing a whole-life carbon balance framework that incorporates carbon

sequestration during the use phase through concrete carbonation. The study identified raw material

production and transportation as the principal contributors to lifecycle carbon emissions, while also

emphasizing that transportation distance is among the most influential parameters affecting the overall

carbon footprint of recycled aggregate concrete. In parallel, performance-based environmental indicators

have also been proposed to relate embodied carbon to compressive strength through an eco-strength index

(ESI)
[29]

, thereby extending environmental assessment beyond conventional volumetric comparisons. Such

indexing facilitates comparison of concrete mixtures based on environmental burden and structural

functionality.

However, while several studies have evaluated these materials in terms of technical characteristics and

performance, comprehensive assessment of their environmental impacts, particularly under localized

conditions, remains limited. Existing studies have largely investigated RCA and RHA independently, while

few have simultaneously evaluated both recycled materials in concrete. Current assessments also frequently

emphasize GWP as the primary environmental indicator while seldom considering broader midpoint and

endpoint impacts, transportation-related effects, or durability-oriented sustainability performance.

Furthermore, geographical differentiation remains an important consideration in life cycle studies as

transportation distances, electricity mixes, waste management practices, agricultural residue availability, and

construction supply chains vary significantly across regions and countries. Consequently, in developing

economies such as the Philippines, where rice husk generation and construction activities continue to

increase simultaneously, localized environmental assessment is necessary to accurately evaluate the

applicability and sustainability of RCA- and RHA-integrated concrete systems.

This study, therefore, conducted a cradle-to-gate LCA of low-carbon concrete incorporating RCA and RHA

as partial replacements for natural aggregates and cement. In contrast with recent whole-life carbon balance

assessments that incorporate the operational stage and carbon uptake during service life, the present study

focuses on cradle-to-gate environmental performance to evaluate the production-stage benefits of
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simultaneously utilizing RCA and RHA under Philippine-specific conditions. This system boundary enables

the identification of environmental hotspots associated with material production, transportation, and waste

valorization while integrating structural durability performance into sustainability evaluation. Specifically,

the study utilizes mechanical and durability data reported by Verbo et al.
[30]

 for various RCA-RHA concrete

mixtures. While the previous study primarily focused on evaluating the structural and durability

characteristics of these mixtures, the broader environmental implications of RCA and RHA utilization

remain unexplored. By building upon these engineering data, this study aims to broaden the assessment

toward systems-level analysis by evaluating cradle-to-gate impacts across multiple categories, identifying

lifecycle hotspots, examining transportation-related effects, quantifying endpoint damages, and assessing

sustainability performance through the integration of environmental, structural, and durability-related

indicators. Overall, this study provides a more holistic framework for evaluating low-carbon concrete

systems under Philippine-specific conditions by linking engineering performance with environmental

sustainability, thereby enabling more informed decision-making and practical pathways towards sustainable

infrastructure development.

METHODS
This study followed the general standards of LCA methodology described in ISO 14040 and 14044,

encompassing (1) goal and scope definition, (2) inventory analysis, (3) impact assessment, and (4)

interpretation of results
[31,32]

.

Goal and scope definition

The objective of this study is to conduct a LCA of the production of conventional concrete and various

concrete mixtures with both RCA and RHA as aggregate and cement replacements, respectively. This is to

test whether the addition of RCA and RHA is more sustainable than conventional concrete alone across

various environmental impact indicators. In terms of lifespan, the simultaneous addition of RCA and RHA

can increase the predicted service life of concrete due to reduced porosity and improved resistance to

chloride penetration, indicating that the alternatives used do not compromise concrete quality
[33]

. The

assessment was based on a functional unit of 1 m
3
 of concrete, which was also extended to study its

implications for constructing a standard two-storey school building in the Philippines. Seven environmental

impact categories were also included in the assessment—GWP, MRS, terrestrial acidification (TA),

freshwater ecotoxicity (FE), WC, human carcinogenic toxicity (HCT), and CED—using SimaPro version

10.2.0.2. The first six impact categories were evaluated using the ReCiPe 2016 Midpoint (Hierarchist)

assessment method.

Ten concrete mixtures, previously studied by Verbo et al.,
[30]

 were evaluated as different RCA and RHA

replacement scenarios against conventional concrete (Base Case), as shown in Table 1. These were selected

based on compliance with the 28-day compressive strength requirement (> 21 MPa) of the Department of

Public Works and Highways (DPWH)
[34]

, and acceptable durability-related service-life performance in terms

of electrical resistivity (ER) and chloride migration. As shown, all concrete mixtures satisfy the minimum

compressive strength with measurements ranging from 25.70 to 46.74 MPa, despite varying RCA and RHA

replacement levels. Post-conditioning bulk resistivities ranged from 7.52 to 18.75 kΩ cm, while chloride

migration resistances ranged from 0.0398 × 10
12

 to 0.1527 × 10
12

 s/m
2
. Concrete mixtures incorporating 10%

RHA generally exhibit higher electrical resistivity and chloride migration resistances relative to mixtures

without RHA, indicating improved durability performance and greater resistance against chloride ingress

and ion transport. The mechanical and durability performance data served as the engineering performance

basis for the present study. In particular we extended the analysis through an LCA framework to integrate

environmental impacts, and sustainability performance indicators (SPI) that provide a better understanding

of the tradeoffs between environmental burdens and structural and durability-related functionality associated
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Table 1. Compositions and characteristics of concrete mixtures at various RCA and RHA replacement levels[30]

Concrete
type

Replacement level
Material composition

(kg/m3 concrete)
Properties

% RHA % RCA Cement Gravel Sand Water RHA RCA
Compressive
Strengtha

(MPa)

Post-conditioning bulk electrical resistivity
(kΩ cm)

Chloride migration resistance, 1/Dnssm

(1012 s/m2)

Base case 0 0 410 958.79 662.56 205 0 0.00 46.74 11.89 0.0580

RHA-0:RCA-25 0 25 410 661.61 704.95 205 0 220.54 33.5 10.56 0.0398

RHA-0:RCA-50 0 50 410 409.99 737.48 205 0 409.99 38.32 9.87 0.0513

RHA-0:RCA-75 0 75 410 192.14 762.71 205 0 576.41 39.75 9.40 0.0663

RHA-0:RCA-100 0 100 410 0.00 782.37 205 0 725.27 25.7 7.52 0.0709

RHA-10:RCA-0 10 0 369 958.79 644.27 205 41 0.00 38.66 18.75 0.1110

RHA-10:RCA-25 10 25 369 661.61 686.66 205 41 220.54 33.09 18.60 0.1147

RHA-10:RCA-50 10 50 369 409.99 719.19 205 41 409.99 36.2 17.68 0.0726

RHA-10:RCA-75 10 75 369 192.14 744.42 205 41 576.41 27.28 15.44 0.0814

RHA-10:RCA-100 10 100 369 0.00 764.08 205 41 725.27 31.54 13.32 0.1527

abased on 28-day curing period. RCA: Recycled concrete aggregate; RHA: rice husk ash.

with low-carbon concrete production in the Philippines.

System boundary analysis

Figure 1 shows the process flows for the production of conventional concrete and low-carbon concrete with RCA and RHA replacements. A cradle-to-gate approach

was considered for the evaluation of system boundaries, which included processes from raw material extraction until the final production step before leaving the plant.

Concrete production

Conventional concrete production considered cement manufacturing, quarrying and processing of sand and gravel, water utilization, and material transport. For low-

carbon concrete production, additional processes associated with RCA and RHA utilization were incorporated into the model. Since RCA and RHA are construction

and demolition waste and agricultural waste, respectively, these inputs were treated as raw materials; hence, zero burden was assigned to their upstream processes.

Under this consideration, only impacts associated with waste recovery, pre-processing, transportation, crushing, combustion, and reuse were considered in the

inventory analysis. This approach is widely adopted in LCA studies involving recycled aggregates and waste-derived SCMs when the environmental burdens of primary
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Figure 1. Cradle-to-gate system boundaries of process flows for conventional and low-carbon concrete production using recycled concrete
aggregates and rice husk ash.

production are assigned to the original product system rather than the subsequent recovery pathway through

cut-off
[35-37]

. This consequently allows us to independently evaluate the environmental credits of waste

recovery and reuse from the impacts incurred during waste generation.

Aggregate production

Natural aggregate production included quarrying, crushing, washing, and grading operations for sand and

gravel extraction. On the other hand, RCA comes from demolished concrete and is transported to the

crushing plant, where it will be crushed and reused as aggregates. The associated processes include

demolition waste recovery, transportation to the crushing facility, and crushing operations prior to reuse as

coarse aggregate.

Rice husk ash production

RHA is derived from rice husks, an agricultural by-product from rice fields. The processes associated with

RHA production include rice husk collection and controlled combustion prior to its use as a SCM. It is

important to note that the considered RHA production is from raw rice husk burning, as opposed to ash

derived from the byproduct of industrial processes due to quality differences that may affect the resulting

concrete strength. Amorphous silica content in RHA varies depending on the industrial production source,

such as from economizers, air pre-heaters, and electrostatic precipitators, with values ranging from 81.32% to

94.83%
[38]

. This inconsistency may affect concrete properties; hence, the method where rice husks are burnt

into ash using a drum-type combustor at a controlled temperature of 600 to 800 °C was employed
[29]

. This

study resulted in 92.32% silicon dioxide content from rice husk ash burnt solely for the purpose of replacing

Portland cement. This is a concentration in which, together with ferric oxide and aluminum oxide, it exceeds

the minimum chemical requirement of ASTM C618: Standard Specification for Coal Fly Ash and Raw or

Calcined Natural Pozzolan for Use in Concrete to be considered a Class N natural pozzolan
[39]

. The assurance

of RHA performing as a high-quality SCM, therefore, presents a tradeoff due to the untreated burning of rice
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Table 2. Transportation routes and assumptions for the life cycle inventory

Material
Route

Distancea (km) Transport type
Source location Destination

Cement Lemery, Batangas Los Baños, Lagunab 84 Heavy-duty truck

Gravel
Taysan, Batangas Crushing Plant in Taysan, Batangas 1 Heavy-duty truck

Crushing Plant in Taysan, Batangas Los Baños, Laguna 74 Heavy-duty truck

Sand Montalban, Rizal Los Baños, Laguna 106 Heavy-duty truck

Demolished concrete Residential area in Taysan, Batangas Crushing Plant in Taysan, Batangas 2.3 Heavy-duty truck

RCA Crushing Plant in Taysan, Batangas Los Baños, Laguna 74 Heavy-duty truck

Rice husk Sto. Domingo, Nueva Ecija Los Baños, Laguna 168 Medium-duty truck

Coconut husk Catanauan, Quezon Los Baños, Laguna 130 Medium-duty truck

ashortest one-way road routes estimated using Google Maps; bmodeled concrete production facility in Los Baños, Laguna, Philippines. RCA:
Recycled concrete aggregate.

husk, adding to the environmental emissions for concrete production with RHA. This marks a limitation in

the study as rice husk burning has yet to be performed in a more mature technology in the Philippines, aside

from a drum-type combustor.

Transportation of raw materials

Transportation processes were incorporated into the life cycle model to account for emissions associated

with the movement of raw materials throughout the supply chain. The location of the modeled two-storey

school building, where raw materials will be transported, was assumed to be in Los Baños, Laguna,

Philippines. Raw material sourcing locations were selected to represent the typical supply chains in the

country, particularly within Luzon Island. Transportation distances were estimated using the shortest one-

way road routes obtained from Google Maps, while vehicle types were selected according to the transported

materials and their bulk quantities. The sourcing locations of rice husk, coconut husk, and demolition

concrete were likewise based on the regional availability of agricultural residues and construction waste

streams. The estimated transportation routes, distances, and vehicle specifications are summarized in

Table 2.

Life cycle inventory analysis

A life cycle inventory (LCI) analysis was performed following the steps outlined in ISO 14040
[31]

 and ISO

14044
[32]

 for all relevant energy and mass flow inputs and outputs, as well as data on environmental

emissions. Foreground inventory data, including concrete mix proportions, transportation distances, RCA

recovery, and RHA production, were based on Philippine-specific conditions. In contrast, background

processes including cement production, electricity generation, fuel production, and material processing were

represented using Ecoinvent Rest-of-World datasets where Philippine-specific inventories were unavailable.

Although using non-local proxy datasets for cement manufacturing may introduce minor geographical bias,

reflecting regional variations in kiln thermal efficiency and fuel usage, several methodologies were developed

to maintain the robustness of the results. Transport logistics and electricity inputs are estimated based on the

Philippine context, representing accurate data in terms of raw material supply and electricity mix for

concrete crushing. While the database used for the burning of rice husk in a drum-type combustor is

geographically specific to India, it exhibits a similar small-scale and less mature technology used in the

agricultural regions in the Philippines. Moreover, because cement production largely dominates the

environmental hotspot in concrete manufacturing, minor changes in secondary processes may statistically be

insufficient to alter the results. Overall, the inventory provides adequate data quality for comparative LCA,

with reasonable temporal representativeness for mature processes such as cement, sand, and gravel
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Table 3. Life cycle inventory data for material production and transportation processes used in the cradle-to-gate assessment

Category

Material
(1 kg basis)

Transportation
(1 tkm basis)

Cement Sand Gravel Water RHAa,b RCAa Medium-duty truck Heavy-duty truck

Energy (MJ)

Electricity 2.193 0.006 0.126 0.026 0.059 0.064 0.114 0.091

Diesel 0.109 0.100 0.030 0.000 0.015 0.000 0.023 0.018

Coalc 0.079 0.000 0.001 0.000 0.000 0.000 0.002 0.001

Othersd 0.306 0.004 0.009 0.001 0.105 0.016 0.231 0.124

Emissions (g)

864.350    4.517      7.336       0.911        8,014.800   3.913     187.400                                                      147.200

CO2, fossil 845.820 4.405 7.025 0.880 14.867 3.779 185.100 145.300

CO, fossil 0.640 0.014 0.027 0.000 0.018 0.001 0.252 0.210

NOx 1.802 0.053 0.027 0.002 3.098 0.007 0.739 0.620

SO2 0.658 0.004 0.022 0.003 3.248 0.016 0.145 0.115

CH4, fossil 0.793 0.014 0.013 0.002 0.371 0.004 0.594 0.470

NMVOC 0.260 0.013 0.006 0.000 0.836 0.001 0.265 0.210

Particulates 0.888 0.006 0.060 0.003 51.892 0.029 0.124 0.111

Water 18.871         0.061     1.409        1.156        0.861            1.132 5.052                                                              3.997

VOCs 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

BOD5 0.311 0.002 0.006 0.003 0.029 0.000 0.150 0.119

COD 2.862 0.006 0.051 0.026 0.057 0.002 1.098 0.869

Magnesium 0.718 0.001 0.080 0.042 0.016 0.070 0.140 0.111

Phosphate 0.213 0.000 0.026 0.001 0.002 0.023 0.035 0.027

Soil 0.053         0.000    0.001       0.000 0.002          0.000    0.007                                                             0.006

aRCA and RHA were treated under a zero-burden allocation approach, wherein upstream burdens prior to waste generation were excluded from the
system boundary; bAir emissions associated with RHA production include biogenic emissions generated during rice husk combustion; cEnergy
included in coal encompasses all coal-derived sources, including hard coal, lignite, coke, and coal gas; dOther energy sources include: natural gas,
fuel oil, biogas, wood chips and pellets, biomethane, and sweet gas. RCA: Recycled concrete aggregate; RHA: rice husk ash.

production. Table 3 presents the inventory analysis of materials and transport considered in the study.

Impact assessment

The impact assessment methods used in this research are ReCiPe 2016 Midpoint (Hierarchist) and CED. The

impact categories evaluated under the ReCiPe method were GWP, TA, FE, MRS, HCT, and WC. GWP

describes the effects of a product or service on climate change relative to the impact of carbon dioxide with

the same quantity and time duration. CED measures the total energy inputs throughout a product’s life cycle,

such as in the forms of electricity, oil, natural gas, and coal, among many others. MRS is associated with the

product’s contribution to the resource consumption of nonrenewable resources, such as limestone and

aggregates. TA describes the changes in soil chemical properties linked with the deposition of nutrients,

primarily ammonia, sulfur oxides, and nitrogen oxides. Chemical emissions harming freshwater ecosystems

are quantified using the impact category, FE. This is measured using kilograms of 1,4-dichlorobenzene

(DCB) equivalent. Lastly, the effects of a product’s life cycle on water scarcity are measured through

quantifying surface and groundwater consumption.

To complement environmental performance with structural and durability-related functionality, SPI were

evaluated by relating GWP with concrete performance metrics. In contrast with the ESI that relates

embodied carbon to compressive strength
[29]

, the proposed SPI framework expands the analysis to both
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structural capacity and durability characteristics, thereby providing a broader assessment of production-stage

sustainability. GWP was selected because climate change mitigation remains the primary objective of low-

carbon concrete systems, and embodied carbon is the most widely reported indicator in concrete LCA

studies, facilitating comparison with previous work. Compressive strength was selected to represent

structural performance, whereas post-conditioning bulk ER, and chloride migration coefficient (D
nssm

) were

selected to represent durability because these properties are widely recognized indicators of reinforcement

corrosion resistance and long-term service-life performance under chloride exposure conditions. This

approach enables systematic assessment of the tradeoffs between embodied carbon, structural performance,

and long-term durability.

where f
c
 represents the 28-day compressive strength. Similarly, durability-oriented sustainability indicators

were evaluated using bulk electrical resistivity (SPI
ER

) and chloride resistance (SPI
Cl

) and were similarly

defined as:

The reciprocal of the chloride migration coefficient was adopted so that lower chloride diffusivity,

corresponding to greater resistance against chloride ingress, results in a lower SPI
Cl

 value. Lower SPI values

indicate lower embodied carbon required to achieve a given level of structural or durability performance.

This formulation enables a systems-level comparison of environmental burden and functional concrete

performance beyond conventional embodied-carbon assessments alone.

Sensitivity and scenario analysis

To ensure the reliability and stability of results generated from the LCA, sensitivity analyses were performed.

GWP was selected as the response variable because it represents the primary environmental indicator

associated with low-carbon concrete production and serves as the basis for comparing the carbon reduction

potential of the evaluated mixtures. Sensitivity was quantified as the percentage change in GWP relative to

the base case scenario. Given the inherent uncertainties associated with geographical logistics and RHA

combustion, transportation distances and RHA yield per combustion batch were varied. The method

involves systematically varying one independent parameter at a time while keeping all other inventory data

constant, thereby isolating the specific environmental impact of the targeted variable across the various

concrete groups.

The first parameter subjected to sensitivity analysis was the transportation distance, as raw material sourcing

locations, transportation routes, and regional supply chain conditions vary substantially across different

construction projects within the Philippines, thereby contributing to geographical uncertainty. A variance of

±30% was applied to the baseline distance to rigorously capture the changing material supply chain network

and the varying logistical environment of the Philippines. Second, to address the archipelagic geography

within the country, a scenario-based sensitivity analysis on transportation mode was conducted. This

evaluated the environmental impact of transitioning from the baseline road transport to a multimodal

transportation logistics incorporating ferry transport.

Third, technological uncertainty associated with biomass combustion and ash recovery was evaluated by

varying the RHA yield by ±10% per combustion batch to simulate variations in rice husk quality and

efficiency fluctuation. This analysis was performed for all RHA-containing mixtures. Finally, technological

and background dataset uncertainties in cement production were addressed by varying its manufacturing

efficiency by ±30% relative to the baseline emission. This parameter captures operational variations in kiln

thermal efficiency, fuel usage, and potential discrepancies introduced by relying on global background

                                                                                           database.

The structural sustainability performance indicator (SPI
S
) is defined as:

𝑆𝑃𝐼𝑆 = 𝐺𝑊𝑃
𝑓𝑐 (1)

𝑆𝑃𝐼𝐸𝑅 = 𝐺𝑊𝑃
𝐸𝑅

𝑆𝑃𝐼𝐶𝑙 = 𝐺𝑊𝑃
1/

(2)

𝐷
𝑛𝑠𝑠𝑚

(3)



Page 10 of 27 Castillo et al. Carbon Footprints 2026, 5, 44

Figure 2. Global warming potential and %GWP reduction of varying concrete mixes. Note: The vertical axis is intentionally truncated to
improve visualization of the relative contributions of the life cycle inventory components.

RESULTS AND DISCUSSION
Comparative environmental performance of concrete mixes across impact categories

The environmental performance of conventional concrete and low-carbon concrete mixtures incorporating

RCA and RHA was evaluated using midpoint impact assessment methods under a cradle-to-gate system

boundary. However, it should be noted that although foreground processes, including transportation

distances, RHA production, and RCA recovery, were modeled using Philippine-specific conditions, portions

of the background LCI were represented using Ecoinvent RoW datasets because equivalent Philippine

inventories are currently unavailable. Consequently, the reported environmental impacts may be influenced

by the differences between Philippine production systems and the generic technologies represented in the

database. Variations in electricity generation mixes, cement manufacturing technologies, fuel sources,

transportation efficiencies, and industrial process characteristics may affect the absolute magnitude of the

calculated environmental impacts. For example, electricity-related emissions may differ because the

Philippine electricity grid remains more dependent on fossil fuels than several regions represented in the

RoW datasets, while cement manufacturing technologies may vary with respect to kiln efficiency, clinker

substitution practices, and fuel utilization. Nevertheless, because all concrete mixtures were evaluated using

the same background inventory framework and Philippine-specific foreground data, the results remain

appropriate for comparative assessment, with consideration of the geographical limitations. The comparative

assessment across different impact categories is shown in Figures 2-8.

Results showed that the incorporation of RHA and RCA generally reduced the environmental burdens

associated with concrete production, although varying tradeoffs were observed depending on the impact
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Figure 3. Cumulative energy demand of various concrete mixes per cubic meter of concrete. Note: The vertical axis is intentionally
truncated to improve visualization of the relative contributions of the life cycle inventory components.

Figure 4. Mineral resource scarcity of various concrete mixes per cubic meter of concrete. Note: The vertical axis is intentionally truncated
to improve visualization of the relative contributions.
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Figure 5. Water consumption of various concrete mixes per cubic meter of concrete.

Figure 6. Terrestrial acidification of various concrete mixes per cubic meter of concrete. Note: The vertical axis is intentionally truncated to
improve visualization of the relative contributions of the life cycle inventory components.
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Figure 7. Freshwater ecotoxicity of various concrete mixes per cubic meter of concrete. Note: The vertical axis is intentionally truncated to
improve visualization of the relative contributions of the life cycle inventory components.

Figure 8. Human carcinogenic toxicity of various concrete mixes per cubic meter of concrete. Note: The vertical axis is intentionally
truncated to improve visualization of the relative contributions of the life cycle inventory components.
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category considered. Across nearly all impact categories, cement production remained the dominant

contributor because of clinker calcination, fuel combustion, and energy-intensive processing requirements.

Transportation, on the other hand, was identified as a secondary contributor, particularly for RHA and RCA

due to additional recovery and distribution processes. Consistent with the findings of Nian et al.,
[28]

 these

remained the dominant contributors to the environmental profile of recycled aggregate concrete systems.

Moreover, while cradle-to-grave assessment can additionally account for carbon uptake during the use

phase, the present cradle-to-gate study identifies material production and transportation as the principal

intervention points for reducing embodied carbon during the production stage. This agreement indicates

that reducing clinker demand and optimizing material logistics are robust carbon mitigation strategies across

different lifecycle assessment boundaries. Consequently, environmental improvements were more strongly

influenced by cement replacement through RHA incorporation than by RCA substitution alone, highlighting

the critical role of cement decarbonization in reducing the life cycle impacts of concrete production.

These environmental benefits are partially influenced by the adoption of a zero-burden allocation approach,

wherein the upstream impacts associated with the generation of construction-demolition waste and rice

husks are assigned to their original product systems. This approach was selected to evaluate the

environmental implications of recovering and utilizing waste materials after they have entered the waste

management system. This is consistent with the allocation hierarchy described in ISO 14044 and widely

adopted in open-loop recycling and circular economy assessments. Nonetheless, while the zero-burden

assumption is consistent in circular economy and waste valorization studies, alternative allocation

approaches such as mass allocation, economic allocation, and system expansion may attribute portions of the

upstream environmental burdens to RCA and RHA. Under a mass allocation approach, portions of the

upstream environmental burdens associated with concrete production or rice cultivation would redistribute

upstream environmental burdens among the products and coproducts of the multifunctional production

system according to their respective mass fractions. Similarly, economic allocation would assign burdens

based on the market value of recycled products, whereas system expansion would account for the

environmental credits associated with avoided virgin aggregate extraction and cement production.

Consequently, mass and economic allocation would increase the absolute environmental impacts associated

with RCA and RHA compared with the cut-off approach, whereas system expansion may instead offset part

of these burdens through avoided virgin aggregate extraction and cement production. However, the

contribution analysis shown in Figures 2-8 demonstrated that cement production consistently accounted for

the largest proportion of GWP, CED, MRS, and several other midpoint categories, whereas RCA recovery,

RHA processing, and transportation collectively represented comparatively smaller contributions. Thus,

although the absolute environmental benefits associated with RCA and RHA may decrease under allocation-

based approaches, the relative ranking of the evaluated mixtures is expected to remain unchanged due to the

substantial contribution of cement. In addition, because RCA and RHA generally possess substantially lower

economic value than virgin aggregates and Portland cement, only a relatively small fraction of the upstream

burdens would be assigned under economic allocation. Hence, while alternative allocation-based approaches

would influence the magnitude of the reported environmental benefits, these are unlikely to alter the

principal conclusions of this study.

Climate and energy-related impacts

The dominance of cement production was most evident in GWP. Conventional concrete generated

approximately 399.5 kg CO
2
-eq per cubic meter of concrete, of which 360 kg CO

2
-eq originated from cement

production alone. Increasing RCA replacement from 0% to 100% produced only marginal reductions in

GWP, reaching slightly above 1% reduction at full aggregate substitution. This limited influence may be

attributed to the relatively lower environmental burden of gravel production compared with clinker

manufacturing. Despite this marginal reduction, when evaluated at the scale of the modeled two-story school
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building, full aggregate substitution by RCA can reduce emissions by approximately 1,342.88 kg CO
2
-

eq relative to the base case, demonstrating the cumulative environmental benefit of RCA utilization in 

large-scale applications. In contrast, replacing 10% of cement with RHA produced a substantially larger 

reduction in GWP due to decreased clinker demand. RHA-10:RCA-0 reduced emissions to 

approximately 373.79 kg CO
2
-eq, corresponding to at least 6.45% reduction relative to conventional 

concrete. When combined with 100% RCA replacement (RHA-10:RCA-100), the low-carbon concrete 

mixture achieved the lowest GWP among all scenarios at approximately 369.39 kg CO
2
-eq, or a 7.55% 

reduction in embodied carbon. These trends demonstrate that reductions in carbon footprint are 

primarily governed by cement substitution rather than aggregate replacement alone.

The trends observed in CED and electricity consumption closely paralleled those of GWP, further reflecting

the strong dependence of environmental burdens on clinker production. Conventional concrete exhibited a

total CED of approximately 2,267.36 MJ per cubic meter of concrete, of which 1,720 MJ originated from

cement production and approximately 398 MJ from transportation activities. Increasing RCA replacement

progressively reduced CED from approximately 2,267.36 MJ in the base case to about 2,204.06 MJ at full

RCA substitution, considering that recycled aggregates bypassed several energy-intensive quarrying and

processing operations associated with virgin gravel extraction. However, this reduction remained relatively

modest because RCA processing still required transportation and crushing operations. On the other hand,

the incorporation of RHA produced a more pronounced reduction in energy demand. At 10% replacement,

the incorporation of RHA lowered the total CED from 2,267.36 to 2,192.56 MJ, corresponding to a 3.30%

reduction. Similarly, RHA-10:RCA-100 mixture achieved the lowest CED at approximately 2,129.26 MJ,

representing around 6.09% CED reduction.

Resource consumption impacts

The strong dependence of environmental impacts on cement production was also reflected in MRS.

Although sand and gravel constituted the majority of the concrete mass, their contribution to MRS remained

minimal relative to cement. In the base case scenario, sand and gravel collectively contributed only

approximately 0.00337 kg Cu-eq out of the total 1.119 kg Cu-eq environmental burden. Consequently,

replacing natural gravel with RCA resulted in only approximately 0.144% reduction in MRS even at full

aggregate substitution. Conversely, introducing RHA substantially reduced MRS because rice husk is an

agricultural by-product rather than a mined mineral resource. At 10% replacement, RHA reduced MRS from

1.119 kg Cu-eq to approximately 1.007 kg Cu-eq, corresponding to a 10.04% reduction in impact. These

results demonstrate that the environmental advantages of RHA integration extend beyond carbon reduction

and energy savings to include resource conservation.

Unlike GWP, CED, and MRS, WC was more strongly governed by aggregate extraction and processing

activities rather than cement production. Gravel and sand processing contributed approximately 1.35 and

0.134 m
3
 of water per cubic meter of concrete, respectively, largely because of washing operations during

aggregate preparation. Since RCA was treated under a zero-burden allocation approach and only crushing-

related processes were included in the inventory analysis, replacing natural gravel with RCA reduced WC by

approximately 68.5%, highlighting the significant water conservation potential of RCA. RHA incorporation

further contributed to secondary reductions in WC by decreasing upstream water requirements associated

with clinker manufacturing processes such as slurry preparation and equipment cooling. RHA-10:RCA-100

mixture exhibited the lowest total WC at approximately 0.63 m
3
 per cubic meter of concrete. These results

demonstrate the synergistic environmental benefits achieved when agricultural by-products and construction

waste are simultaneously integrated into concrete production systems.
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Emission-related environmental impacts

In contrast to the generally declining trends observed across most impact categories, TA increased with RHA

incorporation. At 10% replacement, RHA contributed approximately 0.188 kg SO
2
-eq, exceeding the

approximately 0.06 kg SO
2
-eq reduction achieved through lower cement consumption. Mixtures

incorporating RHA exhibited higher TA impacts than mixtures without RHA, attributable to sulfur oxide

and nitrogen oxide emissions generated during rice husk combustion using drum-type combustors,

reflecting current technological limitations associated with on-site RHA production. RCA, on the other

hand, reduced acidification impacts associated with aggregate production, lowering the contribution of

gravel-related acidification from approximately 0.031 kg SO
2
-eq to only approximately 0.0134 kg SO

2
-eq at

full replacement. The contrasting trends between RHA and RCA, therefore, highlight the importance of

evaluating multiple environmental indicators simultaneously, as strategies that reduce carbon footprint and

resource depletion may also introduce tradeoffs associated with combustion-related emissions.

FE and HCT exhibited environmental trends similar to those observed for GWP and CED, wherein

reductions were primarily associated with lower cement production and reduced quarrying activities. FE

steadily decreased as natural gravel was replaced with RCA, with the combined contribution of gravel and

sand decreasing from approximately 0.2348 kg 1,4-DCB in the base case to approximately 0.149 kg 1,4-DCB

at full RCA substitution. Meanwhile, although RHA itself contributed only minor FE impacts, its role as a

cement substitute reduced the burden associated with cement production from approximately 2.3 kg 1,4-

DCB in conventional concrete to approximately 2.07 kg 1,4-DCB in the RHA-10:RCA-100 mixture. HCT

decreased from approximately 8.126 kg 1,4-DCB in the base case to approximately 7.742 kg 1,4-DCB upon

introducing 10% RHA replacement due to lower heavy metal emissions. Increasing RCA replacement levels

further reduced carcinogenic toxicity because recycled aggregates avoided portions of quarrying-related

fossil fuel combustion and heavy machinery operations.

Endpoint damage assessment

The endpoint damage assessments provide a macro-level evaluation of the overall environmental

consequences of concrete production by translating midpoint impacts into three principal endpoint

categories - human health, ecosystem quality, and resource depletion. In contrast to midpoint indicators that

evaluate isolated environmental mechanisms, these criteria evaluate impacts at the end of the cause-effect

chain to provide a broader systems-level interpretation of environmental damage
[40]

. The comparative

analysis between conventional concrete and the RHA-10:RCA-100 mixture, shown in Figure 9, reveals

distinct trade-offs, with the vertical axis representing the relative percentage contribution scaled relative to

the maximum damaging mixture within each damage category.

In the human health damage category, a major environmental trade-off is observed; the low-carbon concrete

mixture acts as the maximum impact contributor at 100%, whereas the conventional concrete with no RCA

and RHA replacements accounts for only approximately 32.4% of this total baseline damage. This significant

difference is driven largely by RHA, which single-handedly accounts for roughly 71.2% of this mixture’s

entire human health impact. While lowering cement content yields a slight reduction in cement-associated

toxicity emissions, the emissions linked to localized agricultural biomass combustion during RHA processing

introduce substantial damage within the human health endpoint domain.

On the contrary, the trend completely reverses within the ecosystems damage category, where the

conventional mixture establishes the maximum damage threshold at 100%, while the LCC mixture accounts

for about 95% of its impact. This 5% decrease is associated with both the addition of RHA and RCA, with the

former resulting in the reduction of cement’s impact, while the latter eliminated the impact of gravel. The

combined environmental burdens introduced by adding RHA and RCA were outweighed by removing the

                                                                                           intensive upstream processes of cement and gravel processing.
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Figure 9. Comparative endpoint damage contributions of base case scenario with RHA-10:RCA-100 concrete mix.

Finally, the resources damage category indicates a relatively minor net environmental benefit when

transitioning from the conventional to the low-carbon concrete mixture. The base case marks the maximum

resource damage at 100%, while the RHA-10:RCA-100 mixture reduces this primary resource depletion

indicator to roughly 97.5%. Across both concrete formulations, cement remains as the primary driver of

resource scarcity, dictating more than 60% of the respective impacts due to the high mineral and fossil energy

requirements of industrial manufacturing. Notably, transportation became a critical secondary resource

hotspot, accounting for about 26% to 27% of the total resource damage in both concrete groups. This

demonstrates that while substituting natural gravel with 100% RCA successfully eliminates the direct

geological depletion of virgin aggregates, the fossil energy and diesel fuel required to transport raw materials

create a significant environmental burden.

Infrastructure-scale avoided burden analysis

Although the environmental contribution of RCA appeared relatively minor across several midpoint impact

categories on a per-functional-unit basis, its cumulative benefits become more apparent when extrapolated

to larger concrete volumes. To illustrate this, the calculated cradle-to-gate GWP values were linearly

extrapolated to a modeled two-storey building, as reported in Figure 10. Based on the Department of Public

Works and Highways standard design, the modeled building contains approximately 201.23 m
3
 of

concrete
[41]

. This corresponds to approximately 133.33 metric tons of sand and 192.94 metric tons of gravel,

comprising a total of approximately 326.26 metric tons of natural aggregates for the conventional concrete
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Figure 10. Net avoided GWP of concrete mixes with varying replacement levels of RCA for a two-storey building-scale scenario.

mixture. As RCA replacement increased from 0% to 100%, the quantity of natural aggregates decreased to

157.44 metric tons, primarily through the displacement of gravel extraction and processing, while the sand

content increased to compensate for the lower density and higher porosity of RCA and to satisfy the target

workability and compressive strength requirements. Correspondingly, the extrapolated net avoided GWP

increased with increasing RCA replacement, ranging from approximately 410.99 kg CO
2
-eq for the

RHA-0:RCA-25 mixture, to 1,342.88 kg CO
2
-eq for the RHA-0:RCA-100 mixture. These findings

demonstrate that although environmental benefits of RCA appear modest on a per-functional-unit basis,

their cumulative impact becomes increasingly significant when implemented in large-scale infrastructure

applications.

Sensitivity of GWP to alternative inventory assumptions and transport scenarios

To evaluate the robustness of results, a comprehensive sensitivity analysis was conducted on two critical

parameters: transportation distances varying by ±30% and RHA yield varied by ±10%. The analyses shown in

Figures 11 and 12 specifically tracked fluctuations in GWP from the baseline across various concrete mixes.

When evaluating the influence of transportation logistics, the GWP of all concrete mixtures demonstrated a

low-to-moderate sensitivity.

In Figure 11, low-to-moderate sensitivity on the GWP of all concrete mixtures to transportation-distance

perturbations was observed. A 30% reduction in transport distances reduced the GWP by 2.09% to 2.42%,

translating to approximately 8.26 to 9.06 kg CO
2
-eq. Conversely, extending transport distances by 30%

increased the total GWP by 1.92% to 2.46%. The RHA-containing concrete mixtures exhibited the highest

sensitivity to both transport distance reduction and extensions, indicating a slightly higher reliance on

localized sourcing and shorter supply chains for RHA than for aggregates. Despite these variations, the
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Figure 11. Sensitivity of GWP to transportation distances varied at ±30% for different concrete mixtures.

Figure 12. Sensitivity of GWP to RHA yield varied at ±10% for different concrete mixtures.

relative environmental ranking of the evaluated concrete mixtures remained unchanged. Concrete mixtures

with RCA and RHA consistently maintained lower GWP values than the conventional concrete baseline

under both low-variance and high-variance scenarios. Notably, even under the worst-case transportation

scenario of +30% distance, the GWP of the RHA-10:RCA-100 mixture remained lower than the best-case

transport scenario (-30% distance) of the conventional concrete mixture. This demonstrates that the

environmental advantages of the low-carbon mixtures are not solely dependent on favorable logistical

conditions. This further supports that the environmental performance of the concrete mixtures is governed

primarily by material production rather than transportation activities. This finding is consistent with the
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Figure 13. Sensitivity of GWP to cement manufacturing efficiency varied at ±30% for different concrete mixtures.

hotspot analysis, which identified cement manufacturing as the dominant contributor across most

environmental impact categories.

In contrast, the overall GWP profile of the various RHA-containing concrete mixes proved to be highly

insensitive to fluctuations in RHA yield during combustion, as shown in Figure 12. A 10% increase in

efficiency resulted in a lower GWP, with an average of approximately 0.17% reduction from baseline.

Meanwhile, a 10% reduction in efficiency showed approximately 0.24% increase in GWP. The limited

sensitivity is consistent with the contribution analysis, which showed that RHA production contributed only

8.78 kg CO
2
-eq compared with 324 kg CO

2
-eq from cement production, corresponding to approximately

2.71% of the cement-related emissions. Consequently, a ±10% variance in RHA yield which induces a change

of 0.17% up to 0.24% translates to a minor 0.25% change in total GWP. These confirm that moderate

fluctuations in RHA production efficiency are insufficient to significantly alter the environmental

performance or comparative ranking of the evaluated concrete mixtures.

The sensitivity analysis of cement manufacturing efficiency, shown in Figure 13, reveals that GWP across all

concrete mixtures is highly responsive to variations, with roughly ±27% variance in GWP from the baseline.

This relationship highlights the dominant role of cement production in the overall carbon footprint of

concrete. Notably, mixtures incorporating 10% RHA exhibit slightly lower sensitivity compared to mixtures

without RHA, demonstrating more resiliency to upstream cement production variability. In contrast to the

high sensitivity observed for cement manufacturing efficiency, varying the recycling efficiency of RCA

produces only a minor shift in GWP across all concrete mixtures. This limited sensitivity can be attributed to

the relatively small contribution of RCA production to the overall carbon footprint compared to the more

emission-intensive processes such as cement production.

Finally, Figure 14 evidently shows how the road-and-ferry transportation substantially increases the GWP of

all concrete mixtures, reflecting the additional fuel consumption and emissions associated with ferry

operations. Across both transportation scenarios, GWP consistently declines as RCA content increases and
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Figure 14. Sensitivity of GWP to varying transportation modes for different concrete mixtures.

as RHA replaces a portion of cement, reflecting the reduced usage of natural aggregate and cement. The

relative benefit of RHA and RCA incorporation appears more evident under the multimodal transportation,

where the gap between RHA-0:RCA-0 and RHA-10:RCA-100 widens compared to the road-only case. This

implies that the environmental advantages of using alternative materials become even more significant in

transport-intensive regions.

Integrated sustainability performance assessment

The calculated SPIs for various concrete performance metrics are shown in Figures 15-17.

In Figure 15 for compressive strength, the conventional concrete mixture exhibited the lowest structural

carbon intensity at approximately 8.548 kg CO
2
-eq/MPa, primarily due to its relatively high compressive

strength of 46.74 MPa despite possessing the highest embodied carbon among all mixtures. Increasing RCA

replacement generally increased SPI
S
 because the reduction in compressive strength exceeded the

corresponding reduction in GWP. At full RCA replacement (RCA-100), the mixture exhibited the highest

structural carbon intensity at approximately 15.3716 kg CO
2
-eq/MPa due to the combined effects of lower

compressive strength and only modest carbon reduction. Among the RHA-containing mixtures, the RHA-10

concrete mixture showed the lowest SPI
S
 at approximately 9 .669 kg CO

2
-eq/MPa, while the

RHA-10:RCA-100 mixture achieved approximately 11.712 kg CO
2
-eq/MPa. These results indicate that

although conventional concrete remained favorable when evaluated solely on compressive strength per unit

carbon emission, partial cement replacement through RHA improved the strength-carbon balance of several

RCA-containing mixtures through pozzolanic strengthening and matrix densification mechanisms.

A contrasting trend was observed for durability-oriented sustainability indicators. From Figure 16, the SPI
ER

demonstrated substantial improvements with RHA incorporation across all RCA replacement levels.

Conventional concrete exhibited an SPI
E R

 of approximately 33.604 kg CO
2
-eq/(kΩ cm), whereas
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Figure 15. Structural sustainability performance indicator (SPIS) of concrete mixture at various RCA and RHA replacement levels.

Figure 16. Bulk electrical resistance sustainability performance indicator (SPIER) of concrete mixtures at various RCA and RHA replacement
levels.

RHA-containing mixtures ranged from 19.936 to 27.732 kg CO
2
-eq/(kΩ cm). The lowest values were

observed in the RHA-10 and RHA-10:RCA-25 concrete mixtures at 19.936 and 20.023 kg CO
2
-eq/(kΩ cm),

respectively. In contrast, the RCA-100 mixture exhibited the highest SPI
ER

 at approximately 52.533 kg CO
2
-

eq/(kΩ cm), while incorporating RHA at 10% replacement reduces this intensity to approximately

27.732 kg CO
2
-eq/(kΩ cm). Similarly in Figure 17, the chloride migration resistance sustainability indicator
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Figure 17. Chloride resistance sustainability performance indicator (SPICl) of concrete mixtures at various RCA and RHA replacement
levels.

(SPI
Cl

) showed significant improvements with combined RCA and RHA incorporation. The conventional

concrete mixture exhibited an SPI
C l

 of approximately 6 .89 × 10
- 9

 kg CO
2
-eq/(s/m

2
) , whereas

RHA-10:RCA-100 achieved the lowest value at 2.42 × 10
-9

 kg CO
2
-eq/(s/m

2
). This corresponds to 65%

reduction in chloride-related carbon emissions relative to conventional concrete. This can be attributed to

the lower chloride migration coefficients observed in RHA-containing mixtures, indicating enhanced

resistance against chloride ingress and potentially improved long-term durability performance.

The SPI results demonstrate that the preferred concrete mixture depends strongly on the selected functional

performance criterion. Conventional concrete remained the most favorable mixture when studied strictly in

terms of compressive strength per unit GWP because of its relatively established high mechanical strength.

However, when durability-related service-life indicators were considered, the RHA-RCA mixtures exhibited

substantially superior sustainability performance. In particular, the RHA-10:RCA-100 mixture

simultaneously achieved the lowest GWP and the best chloride migration resistance SPI among all evaluated

mixtures. These findings suggest that evaluating low-carbon concrete solely based on compressive strength

may underestimate the sustainability benefits associated with enhanced durability, longer service life,

reduced maintenance requirements, and circular material utilization.

Lastly, the observed differences between strength-based and durability-based SPIs also highlight an

important consideration regarding the interpretation of environmental performance under the adopted

functional unit. Considering that the assessment adopted a volumetric functional unit (1 m
3
 of concrete), this

study enables a consistent comparison of production-stage environmental impacts among the evaluated

mixtures. However, the improved bulk ER and reduced chloride migration observed for the RHA-containing

mixtures indicate enhanced durability and the potential for extended service life. Consequently, if a

performance-based functional unit, such as one year of service life or equivalent structural functionality,

were adopted, the environmental advantages of the RHA-containing mixtures would likely become more

pronounced because the production-stage impacts would be distributed over a longer service period.

Further, although the proposed SPI provides a practical means of integrating production-stage
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environmental impacts with structural and durability performance, its interpretation is only limited as

comparative production-stage sustainability metrics. It does not explicitly account for deterioration,

maintenance, repair, and end-of-life processes. Because the SPIs are directly related to the measured

engineering properties, their reliability also depends on the quality of the compressive strength, bulk ER, and

chloride migration measurements. Therefore, reliable engineering measurements obtained using

standardized testing procedures are essential for meaningful application of the SPIs. Future cradle-to-grave

assessments should incorporate service-life prediction and performance-based functional units to provide a

more comprehensive evaluation of the life cycle sustainability of RCA-RHA concrete systems.

CONCLUSION
This study evaluated the cradle-to-gate environmental performance of low-carbon concrete mixtures

incorporating RCA and RHA under Philippine-specific production and transportation conditions using

ReCiPe 2016 Midpoint (Hierarchist) and CED assessment methods. Across nearly all impact categories,

cement production remained the dominant environmental hotspot due to clinker calcination, fossil fuel

combustion, and energy-intensive manufacturing processes. Consequently, partial cement replacement by

RHA reduced the environmental impacts, while the environmental benefits from RCA incorporation largely

emphasized the reduced natural aggregate extraction through construction waste valorization. The

incorporation of 10% RHA reduced GWP, CED, and MRS due to reduced clinker demand and the use of

agricultural waste materials as SCM. RCA replacement substantially reduced WC from quarrying and

aggregate washing operations. Among all evaluated mixtures, the 10% RHA and 100% RCA concrete mixture

resulted in the lowest environmental burdens across most impact categories, achieving approximately 7.55%

GWP reduction, 6.09% CED reduction, 10% reduction in MRS, and 68.5% reduction in WC relative to

conventional concrete. However, incorporating RHA increased TA and human health-related endpoint

impacts due to emissions generated during localized rice husk combustion via drum-type combustors.

Transportation also emerged as a significant secondary environmental hotspot. Sensitivity analyses for

transportation distances, RHA yield, and scenarios for transportation modes further demonstrated the

robustness of the environmental assessment. Although variation in cement manufacturing efficiency

produced the largest changes in GWP, the comparative environmental ranking of the evaluated concrete

mixtures remained unchanged under all evaluated conditions. The proposed SPI further demonstrated the

tradeoff between embodied carbon and engineering performance. While RCA incorporation generally

reduced compressive strength of concrete, RHA-containing mixtures substantially improved bulk ER and

chloride migration resistance, resulting in superior durability-oriented sustainability performance despite

moderate reductions in compressive strength. In particular, the 10% RHA and 100% RCA concrete mixture

exhibited the highest chloride-resistance sustainability performance among all evaluated mixtures,

highlighting its potential for enhanced durability and longer infrastructure service life. However, since the

present study adopted a cradle-to-gate boundary, carbon sequestration during the use phase and the

sustainability benefits associated with extended service life were not considered. Future research should

therefore be extended to cradle-to-grave assessments, incorporating carbon sequestration, service-life

prediction, and performance-based functional units, maintenance and rehabilitation activities, and end-of-

life scenarios to provide a more comprehensive evaluation of the lifecycle environmental performance of

RCA-RHA concrete systems. In addition, given the limitations in sensitivity and scenario analyses

conducted, it is also recommended to incorporate broader uncertainty analysis to further strengthen the

evaluation of low-carbon concrete systems. Despite these limitations, this study demonstrated that

integrating RCA and RHA into concrete production can support embodied carbon reduction, circular

economy implementation, construction and agricultural waste diversion, and resource conservation while

maintaining structural feasibility. Overall, the study highlights the importance of systems-level LCA

frameworks that integrate environmental impacts, transportation effects, and structural- and durability-

related performance, providing a more comprehensive basis for evaluating sustainable construction

                                                                                          materials.
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