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Abstract The building sector is a major contributor to global greenhouse 
gas emissions. Substituting carbon-intensive materials with timber presents 
a significant, yet not fully quantified, climate mitigation opportunity.
This systematic review synthesizes three decades of global research to quantify 
the timber as a substitute effect in the built environment. Its primary objectives 
are to: (1) consolidate displacement factors and emission reduction ranges 
from life-cycle assessments, (2) evaluate systemic barriers and enablers 
for adoption, and (3) provide actionable insights for policy and research.
A structured literature search (1990–2024) was performed using Web of 
Science and Google Scholar. From 12,526 initial records, 12,320 unique studies 
were screened. Following a full-text review, 80 studies were included in the 
qualitative synthesis, with 68 providing quantitative data for meta-analysis. 
A mixed-methods framework combined bibliometric and thematic synthesis.
The analysis confirms a robust substitution effect. Replacing steel with wood 
avoids 2.3 kg of CO₂ per kg of wood, while substituting concrete saves 1.4 kg 
CO₂/kg. In whole-building systems, emission reductions range from 36 to 530 
kg CO₂-equivalents per m³ of wood. When sourced sustainably, timber serves 
as a long-term carbon store, with life-cycle assessments showing 34–84% 
lower climate impact in multi-story applications. Scaling timber use could 
reduce sector emissions by 20–30% by 2050. Key barriers include prescriptive 
building codes, fire safety perceptions, and uneven forest governance.
Timber as a substitute is a viable, scalable mitigation pathway. Realizing its 
potential requires updated building codes, carbon pricing mechanisms, and certified 
sustainable forestry. Future research must standardize life-cycle assessment 
methods and address geographic literature gaps. This transition can simultaneously 
advance climate goals, circular economy principles, and green job creation.
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Introduction

The built environment is responsible for 
approximately 40% of global energy-related 
CO₂ emissions, making its decarbonization a 
critical priority for achieving the Sustainable 
Development Goals (SDGs) the goals of the 
Paris Agreement and the European Green 
Deal. A central mitigation pathway, therefore, 
involves replacing conventional, carbon-
intensive materials such as concrete and steel 
with engineered wood products. Timber as a 
substitute offers a strategic solution that not 
only reduces greenhouse gas emissions but 
also enhances carbon sequestration throughout 
the life cycle of building materials (Maierhofer 
et al. 2024). This dual mechanism physical 
carbon storage and the displacement of 
emissions-intensive materials was formally 
recognized as a key climate strategy by the 
scientific community at forums such as the 
2017 IUFRO World Congress. Forests serve 
as effective carbon sinks, absorbing CO₂ from 
the atmosphere as they grow. When trees 
are harvested for sustainable uses such as 
structural timber, the stored carbon remains 
locked in the wood for decades (Yu et al. 2024). 
In addition, replacing high-emission materials 
such as cement and steel with wood reduces 
the environmental impact of construction, 
contributing to an overall reduction in 
greenhouse gas emissions (Tsunetsugu et al. 
2010, Maierhofer et al. 2024).
	 The fast-expanding applications of forest 
products - from processed wood in construction 
to cellulose for textiles, biochemicals, 
bioplastics and even niche markets such as 
cosmetics, pharmaceuticals and food additives 
- highlight the transformative potential of 
wood as a renewable, low-impact material 
(Tupenaite et al. 2023). This diversification 
emphasizes the importance of understanding 
the environmental and market dynamics of 
each use, ensuring that wood-based alternatives 
contribute significantly to both climate change 
mitigation and long-term sustainability goals 

(Hassegawa et al. 2022).
	 Wood has been mainly applied in low- 
and medium-rise buildings, either in hybrid 
systems or as the main structural material 
(Shin et al. 2023). The availability of long 
span engineered timber components has 
improved structural stability through durable 
and high-performance joints (Wieruszewski & 
Mazela 2017) When sourced from sustainably 
managed forests, wood continues to store 
biogenic carbon throughout its lifetime, 
effectively removing it from the atmospheric 
carbon cycle for decades (Wieruszewski & 
Mazela 2017). Bio-based building solutions, 
such as wood-concrete composites and 
engineered wood panels, offer innovative 
ways to increase energy efficiency and reduce 
carbon emissions (Becchio et al. 2009, Ligne 
et al. 2020, Pasternack et al. 2022).
	 Effective timber as a substitute depends 
heavily on forest management practices, 
processing efficiency, product longevity, and 
end-of-life strategies (Gustavsson & Sathre 
2011, Malmsheimer al. 2011, Fan et al. 
2020). Ensuring that harvested wood remains 
in circulation through reuse, recycling, or 
energy recovery extends its carbon storage 
capacity and supports circularity in the built 
environment. Reclaimed wood, in particular, 
not only helps conserve virgin forests but also 
adds historical and aesthetic value to new 
construction (Abera 2024).
	 A growing number of studies emphasize 
the need for life-cycle thinking in material 
selection, assessing a product's environmental 
impact from extraction to disposal (Amin et 
al. 2022). This perspective reinforces wood’s 
value in low-carbon construction, especially 
when sustainable forestry and efficient 
manufacturing are in place. Furthermore, 
the use of nonconventional engineered wood 
products, such as cross-laminated timber 
(CLT) and laminated veneer lumber (LVL), 
offers a solution to sequester carbon during 
production and throughout the service life of 
the material (Singh et al. 2023).
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	 The importance of Life Cycle Assessment 
(LCA) has grown accordingly, providing a 
comprehensive framework to evaluate the 
environmental impacts of timber products 
across all stages, from forest management 
and harvesting to processing, transportation, 
construction, and end-of-life treatment. These 
assessments consistently show that engineered 
wood products, especially those used in long-
term applications, contribute positively to 
climate mitigation. A robust environmental 
assessment of timber construction must 
evaluate GHG emissions across the entire 
life cycle, from forest operations and raw 
material processing to transportation, in-use 
performance, and end-of-life management 
(Hafner & Schäfer 2011). LCA enables 
objective comparisons between timber and 
conventional construction materials, helping 
to quantify the true environmental impact of 
building systems.
	 Emerging materials like engineered wood 
products (EWPs), including glued laminated 
timber (glulam), CLT, and LVL further enhance 
the climate profile of wood. These materials not 
only possess favorable mechanical properties 
but also sequester carbon during production 
and use, preventing emissions that would have 
occurred had non-renewable materials been 
used instead (Singh et al. 2023).
	 While the reduction of GHG emissions 
remains a central objective of wood 
substitution, a truly sustainable building 
transition requires a broader perspective 
that takes into account the full spectrum of 
environmental impacts. In general, timber 
buildings typically deliver better performance 
than concrete and steel structures not only in 
terms of global warming potential, but also 
in reducing acidification, eutrophication and 
photochemical smog formation (McDevitt 
& Allison 2011). However, these benefits 
may be offset by increased pressure on land 
and water resources, particularly if forest 
management and harvesting are not carried out 
in a sustainable manner.

Despite the growing trend of green building 
construction (Awaludin et al. 2021), the 
broader environmental trade-offs associated 
with increased wood use remain underexplored 
in the literature. Many comparative studies 
rely on single building assessments, which 
limits their applicability (Cordier et al. 2021). 
A robust environmental assessment of material 
substitution needs to assess the entire life 
cycle - from extraction and manufacture of 
raw materials through to construction, use 
and eventual disposal (Sahoo et al. 2021, 
Choosing Materials and Products Available 
online). Only with this comprehensive 
approach can we ensure that wood substitution 
is environmentally justified across multiple 
indicators (Krueger et al. 2019).
	 The adoption of a circular wood economy 
depends on sustainable forest management and 
long-term resource planning, as uncontrolled 
logging poses a threat to forest regeneration 
(Roque et al. 2021). Wood processing 
technologies such as CLT and glulam improves 
the structural performance of wood, allowing it 
to be used in taller and more complex buildings 
(Hassegawa et al. 2022). However, their use 
must be carefully managed to prevent further 
resource depletion.
	 Beyond environmental benefits, wood 
substitution offers significant economic and 
social advantages, particularly in emerging 
economies. It can stimulate job growth in forestry, 
the wood industry, and green construction, while 
supporting climate goals (De Araujo et al. 2022). 
However, obstacles remain: the high initial cost 
of engineered wood can discourage its adoption 
in price-sensitive markets (Howard et al. 2022), 
and public skepticism about fire safety, durability, 
and structural reliability continues to influence its 
acceptance, despite growing evidence confirming 
the performance of wood under appropriate 
design and regulatory conditions (Mayer 2021,   
Hassegawa et al. 2022).
	 Replacing conventional building materials 
with wood requires an understanding of its 
anisotropic properties strength and stiffness 
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vary depending on the direction of the fibers 
(Holmes 1990, Baszen & Miedzialowski 2019). 
This affects structural design, particularly in 
load-bearing roles, where grain orientation, 
joint placement, and moisture sensitivity must 
be carefully managed. Moisture fluctuations 
can lead to deformation and loss of strength, 
making proper drying, preservation, and 
design essential for long-term performance 
(Cordier et al. 2021). Advances in fire-
retardant coatings, bio-resistant treatments, 
and protective finishes have expanded the 
use of wood in diverse climates (Mariani & 
Malucelli et al. 2022). 
	 While these studies lay a crucial foundation, 
the literature remains fragmented. Existing 
reviews often lack a systematic, global 
synthesis that integrates quantitative 
displacement factors, full life-cycle assessment 
(LCA) outcomes, analysis of policy barriers, 
and circular economy potential, creating a 
gap between scientific evidence and scalable 
implementation. To address this gap, this 
systematic review aims to provide 
a comprehensive, global synthesis 
of the climate mitigation potential 
of timber as a substitute in the 
built environment. Specifically, it 
addresses the following research 
questions:

i) What are the consolidated 
displacement factors and life-
cycle assessment outcomes that 
quantify the climate mitigation 
potential of substituting concrete 
and steel with timber?
ii) What are the principal 
technical, regulatory, and 
market barriers hindering the 
widespread adoption of timber 
in construction, and which 
policy and innovation strategies 
can overcome them?
iii) How can the integration of 
circular economy principles and 
sustainable forest management 

maximize the net environmental benefit of a 
transition to timber-based construction?

The paper is structured as follows. Section 2 
(Materials and methods) details the systematic 
literature review protocol, search strategy, and 
analytical framework. Section 3 (Results and 
discussion) presents the bibliometric findings, 
synthesizes the evidence on displacement 
factors and LCA performance, and analyzes 
the key barriers and enablers for adoption. 
Finally, Section 4 (Conclusions) summarizes 
the main findings and provides targeted 
recommendations for policy, industry, and 
future research.

Material and methods

To achieve a robust and comprehensive 
analysis, a structured methodology comprising 
several key steps was utilized (Figure 1).  
The process began with an extensive literature 
search of several academic databases including 
Web of Science and Google Scholar. The 

Figure 1 PRISMA flow diagram.
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search terms used were the keywords “timber 
substitution effect” and “timber life cycle 
assessment” in order to capture a wide range of 
relevant research. Our systematic review began 
with initial searches of electronic databases, 
which yielded a total of 12 526 records. 
Following removal of duplicates, 12 320 
records were subjected to a full screening of 
titles and abstracts against predefined inclusion 
and exclusion criteria. This rigorous initial 
screening phase led to the exclusion of 12 005 
records due to their lack of relevance to wood 
replacement in construction.
	 Subsequently, the full texts of the remaining 
315 items were assessed for eligibility. During 
this review of the full texts, 235 articles 
were excluded, mainly because they lacked 
quantitative greenhouse gas emission data. In 
the end, 80 studies, published between 1990 and 
2024, were deemed suitable 
for inclusion in the qualitative 
synthesis, and of these, 68 
studies met the criteria for 
inclusion in the quantitative 
synthesis (Table 1). 
	 In order to examine how the 
scientific debate on timber as a 
substitute and climate change 
mitigation has developed, 
we carried out a bibliometric 
analysis of peer-reviewed 
articles by year and country 
of origin (Figure 2).
	 It can be notice, that most 
contributions originate from 
industrialized countries, with 
the United States, the United 
Kingdom, and Switzerland 
emerging as leading centers 
of research. Several European 

countries, including Sweden, Germany, 
Finland, Portugal, Poland, and Romania, also 
show a consistent presence, linked to their 
long-standing interest in sustainable forestry 
and the use of timber in construction. A marked 
increase in publications appears after 2015, in 
line with the global policy focus on climate 
mitigation following the Paris Agreement, 
while earlier years are characterized by 
scattered and infrequent studies. After 2020, 
the literature expands significantly, both in 
the number of articles and in the range of 
contributing countries. Nevertheless, regions 
such as Africa, Latin America, and parts of 
Southeast Asia remain weakly represented, 
despite their forest resources and dynamic 
construction sectors. This imbalance highlights 
the need for a more geographically diverse 
body of research to fully assess the global 

Table 1 Inclusion and exclusion criteria.
Criterion Inclusion Criteria Exclusion Criteria

Study Focus Timber as a substitute for mineral-based 
construction materials (steel, concrete).

Timber use in energy (biomass), furniture, or pulp/
paper industries.

Data Metric Displacement Factors (DF) or Greenhouse 
Gas (GHG) emission values.

Qualitative reviews or theoretical framework 
papers without data.

Methodology Standardized Life Cycle Assessment (LCA) Economic input-output models without material-
specific GHG flows.

Timeline 1990 – 2024. Publications prior to 1990.

Figure 2 Mapping Global Research Activity Over Time (1990-2023). Bubbles 
indicate both the volume of articles and their temporal and geographical spread. 
The horizontal axis represents the year of publication, the vertical axis lists the 
countries of author affiliation, while bubble size corresponds to the number of 
articles and the color scale reflects their relative intensity.
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mitigation potential of timber as a substitute.
	 The review prioritized peer-reviewed 
journal articles, conference proceedings, and 
reports from governmental and international 
organizations (Hansen et al. 2024). Data 
extraction focused on key metrics such as 
displacement factors, carbon storage potential, 
and system boundaries. The synthesized 
findings were analyzed to identify trends, 
patterns, and knowledge gaps in the literature.
In order to systematize the literature collected 
through the bibliometric analysis, the reviewed 
studies were grouped into thematic categories 
that reflect the main research directions on 
timber as a substitute and climate change 
mitigation (Table 2). The classification was 
based on the central focus of each article, 
covering topics such as carbon storage, 
substitution effects, comparative analyses 
of construction materials, methodological 
developments, and policy frameworks. This 
thematic organization allows for a clearer 
understanding of how different dimensions of 
timber as a substitute have been addressed and 
provides a structured basis for identifying both 
consolidated areas of knowledge and aspects 
that require further investigation.
	 Each study was critically evaluated in terms of 
methodological transparency, data quality and 
consistency to make sure that the conclusions 
of the review were supported by evidence 
(Qian et al. 2025). This systematic approach 
not only offers a comprehensive assessment 
of timber substitution’s climate mitigation 
potential but also offers actionable insights 
for policymakers, industry stakeholders, 
and researchers. Additionally, the review 
investigated the implications of mass 
timber adoption on sustainable timber 
supply chains.
	 A mixed-methods framework was 
applied, combining quantitative 
bibliometric analysis with qualitative 
thematic synthesis (Araújo et al. 
2020). The Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses 
(PRISMA) methodology guided the selection 
and evaluation of studies to minimize bias and 
enhance reproducibility.
	 This systematic and rigorous review process 
assessed the quality and relevance of each 
study based on pre-defined criteria, including 
methodological rigor, peer-review status, 
and direct alignment with the objectives of 
the review. To complement the bibliometric 
overview and the thematic classification, the 
literature was grouped into four main domains 
that capture the principal directions of research 
in this field (Figure 3). This framework provides 
a structured basis for synthesizing the studies 
and for comparing their approaches. The first 
domain, Wood Products, covers topics such as 
mass timber, engineered wood, and material 
substitution. The second, Environmental 
Analysis, includes life-cycle assessment, 
embodied carbon, climate mitigation, and 
carbon storage. The third, Structural Systems, 
addresses aspects related to connections, 
composite structures, and prefabrication. 
The fourth domain, Sustainable Strategies, 
refers to circular economy concepts, forest 
management, and sustainable construction 
practices.
	 The selected studies employed diverse 
methodologies (based partially on different 
displacement factors), including life cycle 
assessments to evaluate the environmental 
impacts of timber versus conventional materials, 
material flow analyses to quantify resource 
efficiency and carbon sequestration potential and 
econometric modeling to assess market dynamics 
and scalability of timber-based solutions.

Figure 3 Conceptual framework of research themes.



51

Chivulescu et al.� Timber as a low-carbon material strategy....

Results and discussions

Keyword Co-Occurrence Network and 
Research Landscape Overview

A co-occurrence network of keywords 
was generated from the selected articles to 
systematically review the existing literature and 
identify primary themes and interconnections 
within the field of timber as a substitute for climate 
mitigation. The network analysis visualizes the 
relationships between key concepts, highlighting 
the most central and frequently discussed topics 
and their structural links. The size of each node in 
the network is proportional to its frequency, and 
the edges represent the co-occurrence of keywords 
within the same document. The analysis of the 
conceptual pathway linking research themes 
in sustainable timber construction (Figure 4), 
provides a high-level overview of the research 
landscape and sets the foundation for a deeper 
thematic discussion.

	 The network reveals a research landscape 
centered on Material Substitution for Climate 
Mitigation, structured around several 
interconnected clusters. One cluster highlights 
specific wood products, with strong links 
between Mass Timber, Cross-Laminated 
Timber (CLT), and Engineered Wood 
reflecting a research emphasis on advanced, 
large-scale wood-based construction solutions. 
A second cluster focuses on critical assessment 
tools, where Life-Cycle Assessment (LCA) 
is closely connected to Carbon Storage and 
Energy Analysis. The close link of Embodied 
Carbon to both engineered wood and climate 
mitigation emphasizes the importance of 
analyzing manufacturing carbon footprints. A 
final cluster addresses application and long-
term benefits, with keywords like Structural 
Performance, Sustainable Construction, and 
Circular Economy. This indicates that the use 
of mass timber is a technical and environmental 

discussion, and that 
researchers see timber 
as a key component of a 
more sustainable, closed-
loop building sector.

Scientific Foundations 
of the Substitution 
Effect

Among commonly used 
construction materials, 
substituting steel with 
wood in construction 
applications yields 
a median emissions 
reduction of approximately 
2.3 kg CO₂ per kg of 
wood used (Howard 
et al. 2021). Replacing 
concrete results in about 
1.4 kg CO₂ savings per kg, 
while substituting plastics 
can lead to even higher 
reductions up to 3.1 kg 
CO₂ per kg of wood Figure 4 Conceptual pathway linking research themes in sustainable timber construction.
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(Howard et al. 2021). Research shows that 
using wood instead of energy-intensive 
materials such as steel and concrete can make 
a real difference in reducing emissions. Studies 
show the strong potential of wood to help tackle 
climate change when it replaces these carbon-
intensive options in construction (Gustavsson 
& Sathre 2011, Howard et al. 2021).
	 Although the immediate impact of new 
timber buildings on global annual CO₂ levels 
may seem modest, their cumulative effects are 
significant. As Heräjärvi notes, the substitution 
effect amplifies the benefits of physical carbon 
storage, making timber construction a critical 
component of climate-smart building strategies 
(Heräjärvi 2019).

Environmental Benefits Beyond Carbon 
Mitigation 

Additionally, to carbon mitigation, wood offers 
several environmental advantages compared 
to conventional construction materials. These 
include lower sulfur dioxide emissions, 
reduced solid waste generation, and lower 
fossil energy consumption. However, the use 
of preservative-treated wood raises concerns 
regarding toxicity and environmental health 
(Petersen & Solberg 2005, Malmsheimer et al. 
2011). End-of-life considerations are thus vital. 
Wood products that are no longer needed can 
often be reused or recycled in new applications, 
extending carbon storage and further reducing 
net emissions (Fan et al. 2020).
	 In fact, carbon accumulation from used 
and stored wood products was estimated 
at 88 million tons of CO₂ equivalent in 
2008 - about 12% of the total annual rate of 
forest sequestration (Malmsheimer et al. 
2011), highlighting the often-underestimated 
contribution of harvested wood products to 
long-term carbon management.

Structural Systems and Engineered Wood 
Technologies

Connection systems remain a key consideration 
in timber construction. Mechanical fasteners 
such as bolts, dowels, or proprietary connectors 
must be designed to manage load paths, slip 

resistance, and fire performance (Kuznetsov 
& Gimranov 2020). Hybrid connections, 
where timber is reinforced with steel, can 
increase structural efficiency while meeting 
sustainability goals (Eldeib et al. 2025). 
Among modern innovations, CLT enables 
taller and more complex buildings through 
excellent dimensional stability and strength 
in both directions (Hassegawa et al. 2022, 
Pasternack et al. 2022). Similarly, glulam 
beams and columns, produced from kiln-dried 
laminations glued with moisture-resistant 
adhesives, provide enhanced strength and 
reduced warping (Badea et al. 2022, Tenório 
et al. 2024).

Adaptability, Hybrid Systems, and Design 
Integration

The versatility of wood technologies is evident 
in the wide applicability of CLT, glulam, and 
modular systems (Gustavsson et al. 2017). In 
regions without access to engineered products, 
raw or minimally processed timber remains 
valuable for traditional applications like roof 
trusses, floors, and interior finishes (Ede et al. 
2021). Wood's lightweight nature facilitates 
faster construction, reduces foundation loads, 
and simplifies transportation.
	 Hybrid timber-concrete-steel structures 
leverage the strengths of each material, leading 
to significant whole-life carbon and energy 
reductions (Shin et al. 2023). Recent estimates 
suggest that the large-scale adoption of hybrid 
CLT systems could achieve average greenhouse 
gas (GHG) savings of approximately 50 Mt 
CO2 equivalent by 2050 (Shin et al. 2023). 
Additionally, timber production, transport, 
and installation generate fewer emissions 
compared to conventional building materials 
(Pasternack et al. 2022).
	 Effective design integration, particularly for 
building services like HVAC, plumbing, and 
wiring, is crucial for maintaining fire resistance 
and moisture integrity. Beyond structural 
performance, wood's natural aesthetic qualities 
contribute to human-centered design by 
enhancing comfort and well-being (Guo & Shu 
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2019). From an environmental perspective, 
timber's renewability, low embodied energy, 
and carbon storage capacity position mass 
timber as a scalable solution for sustainable 
urban development (Amorim et al. 2017, 
Puettmann et al. 2021).

Environmental performance and LCA

Comparative studies have consistently 
demonstrated the environmental superiority 
of engineered wood. For example, the 
incorporated carbon in concrete superstructures 
has been shown to be approximately 50% 
higher than that of steel frames and up to five 
times higher than that of timber frames (Hart 
et al. 2021). In multi-story buildings, timber 
systems have a 34-84% lower climate impact 
than reinforced concrete, depending on factors 
such as building height and methodological 
assumptions (Skullestad et al. 2016). In low-
rise buildings, timber again outperforms 
concrete and steel in terms of global warming 
potential.
	 These findings are reinforced by case studies 
comparing mass timber and concrete buildings 
with otherwise equivalent characteristics, such 
as building height, layout, and use. One such 
study revealed that mass timber construction 
results in the lowest emissions at the point of 
delivery to the construction site (Hemmatet et 
al. 2024). This is largely attributable to wood’s 
carbon storage capacity and lower weight, 
which translates to reduced energy demands in 
production and transportation (Shin et al. 2023).
	 The use of CLT in building envelopes, 
particularly in exterior walls, can substantially 
reduce GHG emissions and energy consumption. 
Although the per-unit carbon coefficients of 
concrete and CLT may appear similar, CLT’s 
lower density results in significantly lower 
total emissions and incorporated energy per 
square meter of structure (Shin et al. 2023).
	 Importantly, the design phase plays a 
decisive role in lifetime environmental 
performance. Early decisions about materials 
for wall cladding, shading systems and spatial 
efficiency have long-term implications for both 

operational energy consumption and embodied 
emissions (Kovacic et al. 2016). In some LCA 
studies, the building use phase has emerged 
as the most important contributor to total life-
cycle impacts.
	 The structural properties of CLT panels offer 
additional sustainability advantages. Their 
cross-laminated configuration offers two-way 
load-bearing capacity, enabling them to be used 
not only for walls but also for floors and roofs 
(Mayencourt & Mueller 2019). The use of CLT 
also eliminates the need for steel reinforcement 
and traditional concrete formwork, reducing 
both material inputs and construction time 
(Shin et al. 2023). In some cases, timber 
construction can accelerate project delivery 
by several months compared to conventional 
methods (Abo Khamis et al. 2016).

Forest Management, Circular Economy, 
and End-of-Life Strategies

Life cycle assessments confirm that wooden 
building materials when sourced from 
sustainably managed forests can be classified 
as low-emission materials, contributing to 
climate mitigation (Hafner & Schäfer 2011). 
The carbon footprint of timber production can 
be reduced through responsible forestry, which 
ensures continued sequestration and preserves 
biodiversity. The carbon fixation dynamics of 
forests further enhance the climate value of 
timber, acting as a long-term carbon sink even 
after harvest (Gustavsson & Sathre 2011).
	 When CLT walls were substituted for 
concrete in a 52-apartment project, the average 
GHG emissions and energy consumption per 
floor were significantly reduced, confirming the 
benefits of timber as a substitute in real-world 
applications (Shin et al. 2023). Additionally, 
because timber is a lighter material, buildings 
constructed with CLT generally require 
smaller foundations, thereby reducing the total 
embodied emissions of the entire structure 
(Malmsheimer et al. 2011).
	 The integrated carbon of building materials 
includes emissions associated with extraction, 
processing, manufacturing, transportation and 
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on-site installation (Pasternack et al. 2022). 
As building codes evolve to account for 
wood technologies - such as multi-story wood 
structures - the door is opening to low-carbon 
building practices (Gu et al. 2020). Also, the 
environmental performance of timber buildings 
is determined by a combination of the material's 
weight, thermal properties, carbon storage 
capacity and energy consumption in all phases 
of its life cycle. When combined with careful 
design and responsible sourcing, wood can 
be an important element in the transformation 
towards climate resilient and energy efficient 
buildings.
	 Wood remains the most widely used building 
material worldwide, with unique properties 
that make it highly adaptable in all industries 
- from construction and engineering to 
agriculture, printing and medicine (Falk 2009,  
Yakovenko et al. 2021). Extensive research 
comparing wood with conventional materials, 
such as concrete and steel, consistently 
demonstrates wood's superior environmental 
performance, particularly in terms of reducing 
GHG emissions and embodied energy (Zahabi 
et al. 2025). However, these benefits vary by 
wood type, construction application, sourcing 
method and end-of-life treatment (Pasternack 
et al. 2022).
	 Emerging materials like biochar, derived 
from the thermochemical conversion of organic 
matter, also show potential for long-term 
carbon sequestration capable of absorbing more 
than twice their weight in CO₂ (Senadheeraet 
al. 2023). When wood reaches the end of its 
functional use in buildings, it can still serve 
climate goals through reuse or conversion into 
energy or carbon-stable products.

Policy, Market, and Forest-System 
Considerations

Nevertheless, effective substitution relies 
on policy support, market acceptance, and 
material innovation. Timber’s lower density 
compared to concrete or steel reduces both 
structural mass and transportation-related 
emissions, further improving its environmental 

credentials (Kam-Biron & Podesto 2012, Hill  
2019). However, current building codes and 
design standards must evolve to allow wider 
adoption of mass timber systems (Pasternack 
et al. 2022).
	 While the construction industry stands 
to benefit significantly from timber as a 
substitute, the overall impact depends on 
market responses and forest dynamics. An 
increase in timber demand could lead to either 
greater afforestation and sustainable forest use 
or, conversely, to unsustainable harvesting if 
not properly regulated (Pasternack et al. 2022). 
Thus, forest policies must be integrated with 
construction and climate frameworks.
	 Maximizing the environmental potential 
of wood requires the adoption of circular 
economy principles. Strategies that prioritize 
the reuse. recycling and cascading use of wood 
- whereby high-value uses are followed by 
low-value applications and, ultimately, energy 
recovery - significantly extend the lifetime 
of carbon stored in wood (Niu et al. 2021, 
Savov et al. 2025). Prefabricated and modular 
timber buildings are particularly promising in 
this context, enabling material disassembly, 
reducing construction waste and supporting 
closed-cycle material flows (Gustavsson  et al. 
2021, Schuster et al. 2022). 

Displacement Factors as a Metric for 
Climate Mitigation

Displacement factors are a fundamental 
metric for assessing the climate mitigation 
potential of timber as a substitute. These 
factors measure the reduction in CO₂ emissions 
achieved when wood replaces conventional 
materials such as steel, concrete, or plastics 
in construction and other applications (Badea 
et al. 2022). Expressed in terms of kilograms 
of CO₂ avoided per kilogram of wood used, 
displacement factors enable standardized 
comparisons of environmental performance 
across different materials. The effectiveness 
of  displacement factors depends on several 
critical variables. The type of material being 
replaced plays a significant role, with steel 
substitution typically avoiding 2.3 kg of CO₂ 
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per kg of wood used, concrete substitution 
yielding 1.4 kg of CO₂ savings, and plastics 
substitution offering potential savings of up to 
3.1 kg of CO₂ per kg of wood. Geographical 
factors, including regional forestry practices, 
transportation networks, and energy systems, 
further influence these outcomes. Additionally, 
the scope of life cycle assessments, affects the 
calculated benefits of timber as a substitute.

Displacement Factors and Carbon 
Accounting

Displacement factors - quantifying emission 
avoidance. Timber as a substitute contributes 
to emission reductions through multiple 
mechanisms. The production of wood 
requires significantly less fossil fuel energy 
compared to steel or concrete manufacturing. 
The lighter weight of wood also reduces 
emissions associated with transportation. At 
the end of their life cycle, wood products can 
be repurposed, recycled, or converted into 
bioenergy, thereby displacing fossil fuel use. 
Furthermore, wood products continue to store 
biogenic carbon throughout their service life, 
enhancing their climate benefits.
	 Using wood in construction instead of other 
materials really comes down to what we call 
displacement factors (measurements that tell us 
how much carbon dioxide pollution we prevent 
from going into the air when we choose wood 
over materials that cause more emissions). 
These factors vary depending on numerous 
variables, including regional forestry practices, 
the specific materials being substituted, and the 
system boundaries used in LCA. Nevertheless, 
meta-analyses have enabled researchers to 
identify robust patterns and draw general 
conclusions (Sathre & O’Connor 2010, 
Leskinen et al. 2018).
	 Replacing concrete and steel with wood 
consistently results in a lower carbon 
footprint in all types of construction. Even 
unconventional bio-based materials, such 
as bamboo, offer promising economic and 
environmental performance due to their rapid 
growth rates and regenerative properties 
(Yadav & Mathur 2021). Despite their utility, 

displacement factors are subject to certain 
limitations. Variability in life cycle assessment 
methodologies and underlying assumptions 
can lead to inconsistencies across studies. 
The dynamic nature of industrial processes 
means that advancements in steel and concrete 
production may alter substitution benefits over 
time. Additionally, while most research has 
focused on the construction sector, the broader 
applications of timber as a substitute, such as 
in bioenergy systems, remain underexplored.
	 A comprehensive understanding of 
displacement factors must incorporate biogenic 
carbon accounting, which recognizes the CO₂ 
stored in wood products during their growth 
and use. Research indicates that each kilogram 
of carbon in wood products can reduce net 
emissions by approximately 1.2 kg when 
replacing non-wood alternatives (Leskinen 
et al. 2018). This dual capacity of timber —
both avoiding emissions through substitution 
and storing carbon through sequestration —
positions it as a particularly effective climate 
solution.
	 Standardizing life cycle assessment 
methodologies improves the comparability of 
displacement factors across studies. Promoting 
circular economy principles, such as designing 
wood products for reuse and recycling, 
can extend the duration of carbon storage. 
Policymakers should also consider updating 
building codes and carbon credit systems to 
incentivize the use of timber in construction 
and other applications.

Empirical Evidence, Market Adoption, and 
Implementation Challenges

Extensive empirical research has established 
robust metrics for the carbon mitigation 
potential of timber when used as an alternative 
to conventional construction materials. The 
displacement effect - where wood products 
replace more emissions-intensive materials 
- demonstrates significant and quantifiable 
environmental benefits across multiple material 
categories.
	 These unit-level benefits scale substantially 
in real-world applications. When examining 
complete building systems, the substitution 
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of steel with timber demonstrates avoided 
emissions ranging from 36 to 530 kg CO₂-
equivalents per cubic meter of wood utilized. 
This substantial variation arises from several 
critical factors: (1) End-of-life management 
strategies for construction materials; (2) 
Methodological approaches to accounting for 
biogenic carbon, and (3) Regional differences 
in forest management and wood product 
manufacturing (Feifel et al. 2013).
	 The environmental advantages of timber 
extend beyond direct carbon mitigation. 
Comprehensive life cycle assessments 
document additional benefits including a 
72-89% reduction in sulfur oxide emissions 
compared to steel production, a 40-60% 
decrease in construction waste generation and 
lower particulate matter emissions throughout 
the product lifecycle (Petersen & Solberg 2005). 
These findings have been particularly evident 
in non-structural applications. The furniture 
manufacturing sector's transition to engineered 
wood products has demonstrated a 15-30% 
reduction in product-level carbon footprints, an 
improved resource efficiency through optimized 
material use and an enhanced recyclability at 
end-of-life (Feifel et al. 2013).
	 The construction industry's growing 
adoption of mass timber systems reflects these 
demonstrated benefits. Current market trends 
show a 28% annual growth in cross-laminated 
timber adoption (2015-2025), a 40% reduction in 
construction timelines for timber structures and a 
15-20% decrease in foundation requirements due 
to reduced building weight (Sahoo et al.  2021). 
	 This supporting empirical evidence 
confirms that replacing materials with wood 
products is a viable way to decarbonize the 
built environment. When considering both 
operational and stored carbon, timber building 
systems exhibit 18-26% lower lifetime 
carbon emissions compared to conventional 
alternatives (Cordier et al. 2021). These 
findings highlight the importance of material 
choice in achieving the climate change 
mitigation goals of the construction sector.

	 While the data demonstrate the potential of 
wood, real-world implementation faces barriers 
that need to be addressed. For decades, we have 
relied heavily on concrete and steel - materials that 
research shows are responsible for a significant 
share of global CO₂ emissions (Monge & 
McDonald 2020). But there is growing evidence 
that wood, one of the oldest building materials, 
offers a green alternative when responsibly 
sourced (Puettmannet et al. 2021).
	 Moreover, real-world projects using mass 
timber have demonstrated emission reductions 
ranging from 36 to 530 kg CO₂-equivalents per 
cubic meter of wood used, depending on how the 
materials are managed (Feifel et al. 2013). And the 
benefits extend beyond carbon - wood construction 
generates less sulfur dioxide emissions and creates 
less waste than conventional methods (Petersen & 
Solberg 2005).
	 At the same time, research indicates that 
sustainable forest management can maintain 
carbon stocks while providing construction 
materials (Malmsheimer al. 2011). In fact, 
carefully managed forests combined with 
wood construction create a powerful carbon 
storage system (Gustavsson & Sathre 2011).
In recent years, the construction industry 
is becoming increasingly aware, and is 
increasingly adopting low-carbon wood 
product solutions to meet climate targets 
(Sahoo et al. 2021). But experts caution that 
wood substitution works best as part of a 
broader strategy that includes other mitigation 
efforts (Heräjärvi 2019).
	 The integration of forest resource and wood-
product markets modeling in quantitative 
scenario analysis is essential for understanding 
the climate change mitigation implications 
of wood substitution (Jonsson et al. 2021). 
However, questions remain as to whether timber 
should be left unharvested, storing carbon in situ, 
or sustainably managed and harvested to replace 
concrete and steel in construction. The climate 
change mitigation benefit of keeping a forest as 
a carbon sink or harvesting it depends on several 
factors, including the forest's inventory and age, 
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its growth rate, carbon fluxes, the timeframe 
considered, and carbon displacement factors 
(Howard et al. 2021).

Conclusions

Substituting traditional building materials 
with wood products offers a promising path 
to reduce greenhouse gas emissions and 
mitigate climate change. The carbon benefit 
of using wood instead of non-wood materials 
generally increases with its service life, as long 
as the wood product remains in use. However, 
there's still a gap in the literature regarding 
the full environmental impacts of material 
substitutions that result from the increasing 
use of wood.
	 Despite the significant potential for climate 
mitigation, builders and policymakers face 
several hurdles. These include outdated 
building codes, fire safety concerns, limited 
awareness among building professionals, and 
worries about durability and fire resistance. 
To unlock timber substitution's full climate 
mitigation potential, it's crucial to tackle these 
barriers through education, research, and 
policy interventions. Additionally, promoting 
sustainable forest management practices and 
ensuring the responsible sourcing of wood 
products are vital to maximize environmental 
benefits and minimize negative impacts on 
forest ecosystems.
	 To improve the accuracy of the displacement 
factor, future research should prioritize 
comprehensive Life Cycle Assessment 
(LCA) studies. These studies must account 
for regional variations and technological 
advancements in material production. 
Further investigation is also essential to fully 
understand the broader environmental impacts 
of material substitution, particularly in terms 
of durability and fire resistance, which will 
necessitate updated building codes. Also, 
integrating forest resource and wood product 
market modeling into quantitative scenario 
analyses is crucial for a holistic understanding 
of wood's climate change mitigation potential.
	 In light of these findings, the choice 
of building materials becomes central to 

addressing the climate crisis. Wood, with its 
relatively low embodied energy, renewable 
nature, and ability to store carbon throughout 
its service life, stands out as a key component 
in transitioning toward a more sustainable 
built environment.
	 Collaboration among policymakers, 
researchers, and industry stakeholders is 
essential. Such partnerships can foster 
the development of standardized LCA 
methodologies, promote sustainable forestry 
certification, and scale up circular construction 
practices. In some cases, modular timber 
buildings outperform CLT buildings in terms 
of net climate benefit because they require less 
raw material, allowing more concrete buildings 
to be replaced for a given wood supply.
Public policy can serve as a powerful enabler. 
Internalizing external costs - particularly those 
associated with carbon emissions - through 
instruments such as carbon pricing can shift 
the construction industry towards low-carbon 
materials, including wood. Incentives for 
sustainable forest management and investment 
in wood innovation are equally important. 
Structural reforms of building codes and 
procurement policies will also be needed to 
enable wider adoption.
Substitution of wood is ultimately a powerful 
tool for reducing emissions, but its success 
depends on sustainable forestry, updated 
policies, and widespread adoption by industry. 
It is important to consider regional variations 
in forest management practices, wood 
processing technologies, and energy systems 
when assessing the climate change mitigation 
potential of wood substitution. With the right 
policies and practices, wood can contribute to 
building a sustainable future.
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