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ABSTRACT

The built environment is central to global climate mitigation, with lifecycle carbon
emissions increasingly shaped by early-stage design decisions. As operational standards
improve, embodied carbon and whole-life performance have emerged as critical concerns.
Although substantial research documents carbon reduction strategies across materials,
structural systems, passive design, building services, and cost evaluation frameworks,
existing studies remain largely intervention-specific. This study therefore examines which
early design decisions exert the greatest lifecycle carbon leverage within an integrated
project system and aims to address this gap through a qualitative Systematic Literature
Review (SLR) of 44 academic and industry publications examining early-stage lifecycle
carbon reduction in commercial buildings mainly between 2015 and 2025. Studies were
included if they evaluated feasibility- or conceptual-stage design decisions affecting
embodied or operational carbon performance. Thematic synthesis was used to identify
recurring intervention domains and reported carbon reduction magnitudes across material,
structural, passive, services, and evaluation-based approaches. Findings indicate that
structural configuration and material selection are consistently associated with significant
embodied carbon variation (20-40% reduction through low-carbon substitution; up to
28-51% variation across structural systems). Passive design strategies demonstrate 25-50%
operational energy reductions when embedded during conceptual design. In contrast,
building services and renewable integration, while important, are frequently constrained
by earlier structural and spatial decisions. Lifecycle cost-carbon frameworks improve
trade-off visibility but function primarily as enabling mechanisms rather than direct carbon
reducers. The evidence suggests that lifecycle carbon performance is largely determined
during feasibility and conceptual design, where early decisions establish trajectories that
are difficult to reverse. Decarbonisation therefore depends on embedding carbon alongside
cost and performance criteria within human-centred early design decision environments.
Future research should empirically examine how interdisciplinary teams integrate carbon
metrics during concept-stage evaluation and develop structured methodologies for
comparing early-stage intervention leverage in live project contexts.
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INTRODUCTION

The built environment is crucial to global climate mitigation. Operations and
embedded carbon emissions from buildings and construction account for
39% of global energy-related carbon emissions (UNEP, 2020). Historically,
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regulatory frameworks have prioritized operational energy efficiency, but
as operational standards improve, embodied carbon becomes a larger
percentage of lifecycle emissions (Habert et al., 2020; De Wolf, 2017).
Carbon performance and structural elements affecting lifecycle emissions
have been prioritized during this shift. A significant amount of research
indicates that choices taken during feasibility and conceptual design have
a disproportionate impact on the long-term performance of buildings
(Pomponi and Moncaster, 2016; Bacheva and Raposo Grau, 2025). The
selection of structural systems, specification of materials, and configuration
of envelopes create embodied carbon baselines that are difficult to mitigate
later in the project lifecycle, according to comparative lifecycle evaluations.
Passive design optimization, including orientation, fagcade geometry,
glazing, and insulation, reduces operating energy consumption by 25-50%
when integrated early in the design phase (Ascione et al., 2017; Garg
and Singh, 2025). Under ideal conditions, renewable integration research
suggests net-zero operational performance (Wang, 2025; Zhang, 2025).
Despite this technical data, the research is mostly intervention-specific. In
an integrated design framework, structural, passive, services, and cost—
carbon evaluations are generally performed separately, making it difficult
to comprehend their relative influence (De Wolf et al., 2017; Bacheva and
Raposo Grau, 2025). Many papers advocate lifecycle thinking, but few
compare early design domains or examine how structural configuration,
material selection, passive performance, and economic evaluation affect
decision-making. Thus, practitioners and policymakers are unsure which
early design decisions should be emphasized for optimal carbon outcomes.
This gap requires basic research: Which initial design decisions most
impact a building’s carbon footprint? This study synthesizes academic and
industrial literature on lifecycle carbon reduction in commercial buildings
to answer this question. Because modelling approaches, lifetime parameters,
and geographic locations vary, interpretive synthesis is used instead of
meta-analysis (De Wolf et al., 2017; Bacheva and Raposo Grau, 2025). The
study organizes fragmented material into early-stage action domains to
promote a systems-oriented decarbonisation understanding. Early design
is both technical and crucial to a comprehensive decision framework that
affects long-term carbon results.

EARLY-STAGE LIFECYCLE CARBON DECISION DOMAINS

In reaction to increasing embodied carbon awareness and stricter climate
targets, research on building lifecycle carbon reduction has grown
significantly (UNEP, 2020; Habert et al., 2020). Five early-stage intervention
domains namely material selection, structural system configuration, passive
design strategies, building services and renewable integration, and lifecycle
cost-carbon integration mechanisms, are the focus of the literature. Although
each domain shows quantifiable potential for carbon reduction, evidence is
still dispersed, making it difficult to prioritize early design leverage points. A
comparative synthesis of early-stage decision domains is motivated by this
fragmentation.
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Embodied Carbon Drivers: Material Selection and Structural
Configuration

Embodied carbon is driven by material and structural design. Embodied
emissions account for 40-60% of commercial building lifecycle carbon (Habert
et al., 2020; Pomponi and Moncaster, 2016). Embodied carbon profiles are
dominated by structural elements such steel and reinforced concrete (De Wolf
et al., 2017; Hart, D’Amico, and Pomponi, 2021). Comparative lifespan studies
show that low-carbon substitutions like cementitious materials or engineered
lumber can reduce embodied emissions (Kumar et al., 2024; Risha, 2025).
Structural configuration elements including building height, span length, and grid
spacing affect global warming potential and material requirements in addition
to material choices. System boundaries and carbon accounting methodologies
vary, making cross-study comparison difficult (De Wolf et al., 2017; Bacheva
and Raposo Grau, 2025). Although structural and material decisions are high-
impact, their incorporation in integrated design systems remains underutilised.

Operational Carbon Drivers: Passive Design Strategies

The discourse on operational carbon is primarily focused on passive design
methods. Empirical research indicates that incorporating orientation, facade
geometry, glazing selection, and insulation optimization during conceptual
design can diminish operational energy demand by 25-50% (Ascione et
al., 2017; Garg and Singh, 2025; Albatayneh et al., 2018). Passive demand
reduction directly influences the sizing of downstream mechanical systems, as
HVAC and lighting systems constitute the predominant portion of operating
energy demand in commercial buildings (Hafez et al., 2023). Optimized
envelope performance is corroborated by modelling and regulatory techniques,
demonstrating measurable reductions in operating emissions (Boshoff and
Mey, 2020). Nonetheless, the interaction effects among envelope selections,
embedded impacts, and structural systems remain inadequately explored, and
passive design is frequently perceived as an energy-efficiency strategy rather
than a lifecycle carbon intervention (Bacheva and Raposo Grau, 2025).

Building Services and Renewable Integration

Although converging, research on building services and renewable integration
remains fragmented. LED lighting, high-performance HVAC systems, and
enhancements in efficiency demonstrate measurable operational savings
(Hafez et al., 2023). Research on renewable integration indicates that, under
optimal conditions, photovoltaic systems and integrated efficiency techniques
can attain net-zero operational performance (Wang, 2025; Zhang, 2025).
Contextual unpredictability significantly influences renewable performance
(Ghiasi et al., 2025), while control systems serve as facilitating mechanisms
for high-renewable grids, as indicated by recent research on energy
flexibility (International Energy Agency EBC, 2025). Notwithstanding these
advancements, research often assesses flexibility, efficiency, and renewable
energy in isolation rather than as integrated early-stage service design options,
so constraining comparative clarity about lifetime leverage.
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Lifecycle Cost-Carbon Integration Mechanisms

Lifecycle cost-carbon integration systems aim to reconcile technical and
economic evaluations. Life Cycle Carbon Costing (LCCC) quantifies carbon
impacts for dual-value comparison, whereas Life Cycle Costing (LCC)
broadens capital cost analysis to include operating and maintenance phases
(Higham, Fortune and James, 2015; Knauer and Moslang, 2018). Trade-
offs among cost, carbon emissions, and performance metrics are further
organized using Multi-Criteria Decision Analysis (MCDA) (Zavadskas,
Antuchevi¢iené, and Kaplifiski, 2015; 2016). Despite enhancing decision
transparency, the adoption of these frameworks remains inconsistent due
to institutional barriers, insufficient competence, and the predominance of
capital costs (Kwofie, Aigbavboa, and Thwala, 2020; Bacheva and Raposo
Grau, 2025). Cost and carbon studies are frequently conducted together
rather than within singular evaluation systems.

Methodological Fragmentation and the Systems Gap

Intervention-specific analysis dominates evaluated domains. Materials,
structural systems, passive methods, and building services are often studied
without evaluating their lifecycle impact (Pomponi and Moncaster, 2016; De
Wolf et al., 2017). Variations in lifetime bounds, modelling techniques, and
geographic assumptions hinder cross-study comparability (Takano et al.,2015;
Risha, 2025). VOSviewer co-occurrence analysis (Figure 1) confirms structural
fragmentation. There are distinct thematic clusters with significant intra-domain
links but limited cross-domain integration. Systems-thinking is used in this
work to overcome this constraint. Buildings are socio-technical systems whose
carbon performance depends on material quantities, operational demand,
and evaluation criteria (Pomponi and Moncaster, 2016). Early design stages
define these factors simultaneously, making them leverage points. Significant
research describes carbon reduction measures within distinct domains, but
little synthesis emphasizes their relative importance in an integrated lifecycle
system. This unresolved comparison forms the basis for the present review.
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Figure 1: Thematic clustering of early-stage lifecycle carbon research (Researchers’
own compilation).
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METHODOLOGY

This study adopted a qualitative research design using a Systematic
Literature Review (SLR). The objective was to synthesise and interpret
existing evidence rather than test statistical relationships, positioning the
study within an interpretivist paradigm (Thanh & Thanh, 2015). The
guiding research question was: Which early design choices have the most
significant impact on a building’s carbon footprint? An SLR was selected
instead of a meta-analysis because existing studies vary substantially in
lifecycle boundaries, carbon accounting methods, geographic contexts, and
reporting metrics (Snyder, 2019). Many studies also report modelling-based
or qualitative findings without standardised effect sizes. The SLR approach
enabled structured synthesis of heterogeneous evidence and identification
of recurring high-impact intervention domains.

Secondary data were collected from peer-reviewed academic publications
and selected industry reports. The following databases were searched:
Scopus, Web of Science, ScienceDirect, and Google Scholar. Industry and
professional publications were consulted to ensure practical relevance,
including RICS and green building guidance documents. Search strings
included combinations of the following terms: “early design” AND
“carbon footprint”, “embodied carbon” AND “commercial buildings”,
“life cycle costing” AND “carbon integration”, “LCC” AND “LCA” AND
“building design”, “low-carbon construction” AND “feasibility stage”.
Searches were limited to English-language publications from mainly
2015-2025 to reflect contemporary carbon accounting standards and
regulatory frameworks. The initial search returned 112 publications.
Titles and abstracts were screened for thematic relevance to early-stage
design and lifecycle carbon analysis. After removal of duplicates and
clearly irrelevant studies, 44 articles remained for full-text review. Studies
were included if they addressed commercial or non-residential buildings,
analysed carbon performance at feasibility or conceptual design stages,
incorporated lifecycle assessment (LCA), lifecycle costing (LCC), or
integrated cost—carbon evaluation, and reported empirical, modelling,
or structured analytical findings. Studies were excluded if they focused
exclusively on operational energy without lifecycle consideration,
addressed single material performance without early design context, were
opinion-based without methodological transparency, and focused solely
on residential or infrastructure sectors unrelated to commercial building
typologies. The final analytical sample comprised 44 studies.

The study employed thematic analysis to synthesise findings across the
selected literature. The analytical procedure followed established guidance
for reflexive thematic analysis (Naeem, Ozuem and Ranfagni, 2023)
and thematic synthesis in systematic reviews (Braun & Clarke, 2008),
ensuring transparency, analytical consistency, and interpretive rigour
across heterogeneous methodological approaches. Analysis followed four
structured steps (see Figure 2 below).
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Analytical Framework: Systematic Literature Review Process
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Figure 2: Analytical framework: systematic literature review process (Researchers’
own compilation).

Key variables were extracted from each study, including intervention
type, lifecycle phase addressed, reported carbon reduction magnitude (where
available), cost integration approach, and methodological design. Extracted
data were then grouped into five early-stage intervention domains: material
selection, structural configuration, passive design, building services and
renewable integration, and lifecycle cost-carbon mechanisms. Recurring
high-impact strategies and reported carbon reduction ranges were identified
across studies. Cross-study comparison enabled identification of consistent
leverage domains and findings were interpreted using a systems-thinking
perspective to examine interaction effects, feedback mechanisms, and early-
stage leverage points across lifecycle stages.

Thematic analysis synthesized quantitative and qualitative findings across
various approaches while retaining analytical consistency. Only publicly
available secondary data and peer-reviewed articles were used in this
investigation. No humans participated or provided primary data therefore
no ethical approval was needed. All sources were properly credited for
academic honesty and transparency. The SLR technique cannot measure
carbon reduction percentages across contexts since it does not provide new
empirical data. Variable carbon accounting assumptions and geographic
factors preclude direct comparisons. Structured synthesis improves conceptual
clarity and finds high-impact intervention domains.

FINDINGS

The review synthesised 44 studies examining lifecycle carbon reduction in
commercial buildings. Five recurring early-stage intervention domains were
identified: (1) material selection, (2) structural configuration, (3) passive
design strategies, (4) building services and renewable integration, and
(5) lifecycle cost—carbon evaluation mechanisms. Across the sample, early
design decisions were consistently associated with greater reported lifecycle
carbon influence than later-stage corrective measures.
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Reported embodied carbon reductions included 20-40% for low-carbon
concrete substitution, higher ranges for engineered timber systems, and 5-15%
reductions through structural material efficiency optimisation (Webster,
Arehart, and Ruthwik, 2025; Hart, D’Amico and Pomponi, 2021; Dodoo,
2019). Structural configuration variables such as grid spacing and span length
were repeatedly linked to significant material demand variation (Arehart,
2025; Al Rifaie, 2024). Passive design strategies demonstrated 25-50%
operational energy reductions when embedded during conceptual design,
frequently reducing mechanical system sizing requirements (Garg and Singh,
2025). High-efficiency HVAC systems typically reported 10-30% operational
reductions, while renewable integration achieved context-dependent net-zero
outcomes under favourable conditions (Rahman, Abdullah, and Lim, 2021).
Lifecycle cost—carbon frameworks (LCC, LCCC, MCDA) were identified as
enabling mechanisms improving trade-off visibility rather than direct carbon
reducers (Kwofie, Aigbavboa, and Thwala, 2020; Knauer and Moslang, 2018,
Higham, Fortune, and James, 2015.). Table 1 below summarises recurring
early-stage intervention domains and reported impact ranges.

Table 1: Summary of recurring early design interventions and reported carbon
impact (Researchers’ own compilation).

Intervention LifeCycle Phase Reported Carbon Recurrence Across
Domain Affected Reduction Potential ~ Studies
Low-carbon material Embodied 20-40% (concrete),  High
substitution higher for timber

Structural material Embodied 5-15% Moderate-High
efficiency

Passive design Operational 25-50% energy High
optimisation reduction

High-efficiency HVAC Operational 10-30% energy Moderate
systems reduction

Renewable energy Operational Context-dependent Moderate
integration

LCC-LCCC Both Enables dual-value Increasing
integration evaluation

Three recurring empirical patterns emerged. Firstly, early-stage structural
and passive decisions exert greater lifecycle influence than downstream
technological optimisation. Secondly, embodied and operational domains
interact, with passive demand reduction amplifying systemic carbon benefits.
Thirdly, cost—carbon integration mechanisms remain inconsistently applied
despite demonstrated decision-support value. Structural configuration,
material substitution, and passive design were the most consistently high-
impactearly intervention domains across the reviewed literature. Furthermore,
four recurring barriers were identified namely limited embodied carbon
databases, weak interoperability between cost and environmental tools,



Human-Centred Carbon Decision-Making in Early Design 125

limited lifecycle carbon literacy, and procurement systems prioritising lowest
capital cost. These constraints were reported across multiple geographic
contexts (De Wolf et al., 2017; Kwofie, Aigbavboa and Thwala, 2020; Risha
et al., 2025).

RESULTS AND DISCUSSION

This study addressed the question: Which early design choices have the most
significant impact on a building’s carbon footprint? The literature shows
that early structural configuration, material specification, and passive design
methods affect lifetime (Pomponi and Moncaster, 2016; De Wolf et al., 2017).
Structural systems can reduce 28-51% (Kumar et al., 2024; Risha, 2025),
envelope optimisation 46-50% (Garg and Singh, 2025), and low-carbon
concrete substitute 20-40% (Habert, 2020). Building services and renewable
integration boost operational decarbonisation, however structural and
passive design decisions and contextual restrictions limit their effectiveness
(Wang, 2025; Zhang, 2025). Three high-impact domains recur across the
reviewed studies: (1) structural configuration and material selection drive
embodied outcomes (Hart, D’Amico and Pomponi, 2021; Kumar et al.,
2024); (2) passive design generates significant operational reductions when
embedded early; and (3) lifecycle cost—carbon frameworks improve trade-off
visibility but are inconsistently applied. Bacheva and Raposo Grau (2025)
attribute the implementation gap to fragmented decision systems rather than
technical capability.

Pomponi and Moncaster (2016) found that feasibility and conceptual
design concentrate carbon reduction potential. Structure and materials set
baselines that limit downstream interventions (Hart, D’Amico and Pomponi,
2021). Projects risk carbon lock-in after setting cost-driven parameters
(Higham, Fortune and James, 2015). Because demand reduction at source
reduces mechanical sizing, operational emissions, and lifecycle cost exposure,
passive methods display systemic leverage (Ascione et al., 2017; Hafez,
2023). Renewable integration improves operational performance but is
context- and integration-sensitive (Wang, 2025; Ghiasi et al., 2025). LCC,
LCCC, and MCDA enable carbon reduction, not diminish it. Considering
carbon and cost measurements jointly can reveal trade-offs earlier in
the design phase (Zavadskas et al., 2016). The data suggest that early
design configuration, not downstream technical optimization, determines
lifespan carbon performance. These findings support sustainability studies
emphasizing early-stage leverage (Pomponi and Moncaster, 2016; De Wolf
et al., 2017) and industry recommendations emphasizing feasibility-stage
action for decarbonization (UNEP, 2020). Lifecycle thinking is popular, but
early design domain comparison is constrained (Bacheva and Raposo Grau,
2025). Organizing fragmented findings into organized intervention themes
helps this study prioritize early-stage leverage points.

Many methodological constraints limit interpretation. Lifecycle bounds,
carbon variables, and modelling assumptions varied between studies,
making a meta-analysis impossible. The review was limited to English-
language 2015-2025 articles due to building type and geographic context
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heterogeneity. In addition, many reviewed studies use modelling without post-
occupancy validation (De Wolf et al., 2017; Wang, 2025), single-intervention
scenarios without interaction effects analysis (Pomponi and Moncaster,
2016), or inconsistent lifecycle boundary definitions. More integrated
and experimentally validated research is needed due to these constraints.
The study has significant benefits despite these limitations. It coordinates
fragmented research into early-stage intervention domains (Bacheva and
Raposo Grau, 2025), integrates cost and carbon evaluation into a single
analytical approach, and promotes a systems-oriented decarbonisation
perspective. Incidental literature suggests that structural adaptability may
extend building lifespan (de Paula Filho et al., 2023), passive design can
generate financial co-benefits (Garg and Singh, 2025), and renewable
integration may improve energy resilience. The findings suggests that
decarbonization requires early design decision environment reconfiguration.
Technical solutions work if integrated into lifecycle evaluation frameworks
and institutional decision procedures (Higham, Fortune and James, 2015).
Early-stage decision processes combine with structural configuration, energy
demand, and evaluation criteria to determine carbon performance. Carbon
measurements in feasibility-stage information flows change how options are
compared, not just technical performance. By including carbon in cost and
performance requirements, decarbonization becomes a systems-level design
challenge rather than a technology one.

CONCLUSION AND RECOMMENDATIONS

This study explored which early design choices have the most significant
impact on a building’s carbon footprint. The review identified three high-
leverage domains namely material selection and structural configuration
determine embodied carbon baselines that are difficult to offset later, passive
design strategies reduce operational energy demand at source and frequently
generate cascading reductions in mechanical system requirements, and
integrated lifecycle cost—carbon frameworks (LCC, LCCC, MCDA) enable
early-stage trade-off visibility and strengthen carbon-informed decision-
making. The findings confirm that lifecycle carbon performance is largely
shaped during feasibility and conceptual design. Downstream technological
optimisation cannot compensate for carbon-intensive structural and
spatial decisions made early in the project lifecycle. Decarbonisation
therefore requires embedding carbon and energy metrics within early
design evaluation processes rather than treating them as compliance tools.
For practice, lifecycle carbon assessment should be embedded at feasibility
and concept stage alongside cost and performance criteria. Early structural
and spatial options should be evaluated using integrated decision-support
tools that make carbon trade-offs visible to interdisciplinary teams. For
research, future studies should move beyond isolated technical modelling
and empirically examine how carbon metrics are embedded within early
concept design environments. In particular, studies should investigate how
interdisciplinary teams interpret, prioritise, and negotiate carbon, cost, and
performance trade-offs during feasibility-stage decision-making. Ultimately,
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reducing building-related carbon emissions depends on restructuring early-
stage decision systems. When carbon metrics inform structural choices
from the outset, sustainability shifts from reactive mitigation to proactive
performance optimisation.
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