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ABSTRACT

The built environment is a significant contributor to global resource use, Greenhouse Gases (GHGs) and construction
and demolition waste, and the current approach of sustainable construction needs to evolve from a linear supply and use
model, towards a more regenerative material system. The review article discusses new green construction technologies that
can contribute to a regenerative built environment, which minimizes embodied carbon, carbon sequestration, circularity,
and supports ecological functions and the health of the occupants. The article critically reviews the progress of the materials
that are bio-derived and carbon-storing, such as engineered timber, bamboo, hempcrete, straw, cork, mycelium composites,
algae-derived materials, cellulose and lignin-based materials. It also examines low-carbon or circular mineral-based
alternatives like low-clinker cement, limestone calcined clay cement, geopolymers, alkali-activated binders, recycled
aggregate concrete, carbon-cured concrete, re-used metals, re-used glass and earth-based materials. Furthermore, new
technologies such as additive manufacturing, prefabrication and modular construction, smart materials, living systems,
digital twin and material passports are assessed as means of system-level regeneration. The review emphasizes that
regeneration can only be measured through whole life assessment and is not just a part of the material origin or embodied

carbon but also through durability, circularity, toxicity, land use, scalability, ecological value and social acceptance. The
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results indicate that future buildings that are regens will rely on integrated material systems, not just material substitutions.

The research priorities include standardized assessment frameworks, long-term field validation, circular design protocols,

digital traceability and policy support for low-carbon and reusable construction materials.

Keywords: Regenerative Built Environment; Green Construction Materials; Bio-Based Materials; Low-Carbon Concrete;

Circular Construction

1. Introduction

The built environment is at a turning point in its trans-
formation. Buildings, infrastructure, and urban systems are
no longer exclusively considered places that provide shelter
and mobility, and create economic value; they are now also
understood as systems that demand material resources and
are experienced as a building that impacts climate stability,
resource security, ecological health and well-being!!). Tradi-
tional building methods rely on high-consumption materials
like ordinary Portland cement, steel, aluminium, fired clay,
synthetic insulation and petrochemical composites. These
materials have facilitated faster urbanization and enhanced
structural functionality, but come with high environmental
costs of production, transportation, maintenance, and dis-
posal, including high greenhouse gas emissions, resource
consumption, construction and demolition waste and long-
term ecological disruption. In the face of rising population
and the need to renovate the existing building stock, the
construction industry is challenged to satisfy the growing
demand and drastically cut its environmental footprint[?3.

In response, the idea of sustainable construction has
changed considerably in the last few decades. Initial efforts
concentrated on minimising the operational energy use of

buildings by using passive building envelopes, efficient heat-
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ing and cooling systems and renewable energy sources 4.
The focus has now turned to embodied carbon, material
circularity, and whole-life environmental impacts more re-
cently. The change has shown that materials used in building
materials creation, refurbishment and maintenance are not
background items but key factors in the performance of the
built environment]. An efficient building can have a high
carbon debt, if it uses materials with high carbon costs. Thus,
material innovation is one of the most important routes to
low-carbon, circular and climate-resilient construction.

The concept of a regenerative built environment is a
new one, however, it goes further than ‘doing less harm’.
Green and sustainable construction may be focused on min-
imizing harm, but regenerative construction is about the
design of built systems that actively rejuvenate, restore and
improve ecological and social systems!®l. In this sense, the
construction materials should not only be less harmful; they
should be able to positively influence carbon sequestration,
resource regeneration, biodiversity, indoor environmental
quality, waste reduction and adaptability over the long term.
The shift in this outlook necessitates a radical rethinking
of the meaning, origin, functionality and re-entry of con-
struction materials throughout their entire lifespan. This
conceptual shift from conventional material selection toward
regenerative material systems is illustrated in Figure 1.
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Figure 1. Evolution of construction material paradigms from conventional performance-based selection to regenerative material systems
that integrate carbon storage, circularity, ecological restoration, human health, and long-term adaptability.
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This transformation is linked to new green building
technologies. Engineered timber, bamboo, hempcrete, straw
bale, cork, mycelium composites, algae-based materials, and
products made from agricultural-residue panels are all po-
tential bio-based materials that could be used to store bio-
genic carbon, cut reliance on non-renewable raw materials,
and enhance indoor environmental quality. The use of low-
carbon mineral-based materials such as limestone calcined
clay cement, alkali-activated binders, geopolymers, recy-
cled aggregate concrete, carbon cured concrete and earth-
based materials is available for applications that require high
strength, durability and fire resistance. Recycled plastics,
reclaimed metals, waste glass and construction demolition
waste-derived products enable circular flows, and alleviate
pressure on virgin materials. Simultaneously, cutting-edge
technologies like additive manufacturing, prefabrication,
modular construction, robotic fabrication, material passports,
digital twins, and sensor-based performance monitoring are
transforming material design, production, assembly, tracking,
and reuse!7:8].

Although the field has made significant advances, at
the same time it is still a fragmented field. In many studies,
individual material classes are studied and not linked to the
rest of the regenerative paradigm, for example, bio-based
insulation, low-carbon concrete or recycled aggregates[®l.
Other research focuses on carbon reduction and provides only
brief consideration of biodiversity, toxicity, circularity, social
value, and ecological restoration in the long-term. More-
over, since the emerging materials are evaluated with various
boundaries for life-cycle assessment, the direct comparison
is not easy. Some studies, for instance, measure cradle-to-
gate while others measure cradle-to-grave or cradle-to-cradle
impacts. Likewise, the potential for carbon negativity can
be reliant on assumptions with regard to land use, biomass
regrowth, service life, end-of-life treatment, and avoided
emissions!'%]. Such methodological differences render it dif-
ficult for the researcher, designer, policymaker and industry
practitioner to identify the best technology for regenerative
construction.

The third problem yet to be addressed is the connec-
tion between the novelty of material and its applicability.
There are many green materials with potential environmental
benefits at the laboratory or prototype level, however, they
have challenges of structural reliability, fire resistance, mois-

ture resistance, durability, standardization, cost, insurance,
procurement, and building code acceptance!!!l. Bio-based
materials, for example, can have a low embodied energy
and provide carbon storage but need to be protected from
moisture, biological damage and fire risk['?!. Although the
use of Portland cement can be cut down through the use of
geopolymers and alkali-activated materials, the properties of
various geopolymers and alkali-activated materials depend
on the chemical characteristics of the precursors, the type of
alkali-activator as well as on the curing conditions and the
availability of local industrial by-products. Mycelium com-
posites and living materials are innovations in the making
and would need further validation to be used in structural
or envelope applications. Thus, the environmental benefits
alone are not enough to measure a material’s regenerative
properties; it must also satisfy technical, economic, regula-
tory, and social criteria throughout the building life cycle.

The novelty of this review is in the context of green
construction materials, which are integrated and regenerative.
This review advances beyond existing literature in three spe-
cific ways. First, whereas prior reviews typically examine
bio-based materials, low-carbon cements, or circular tech-
nologies separately, we integrate all three pathways within
a unified regenerative framework, explicitly mapping their
complementarities and trade-offs (Sections 3—5). Second,
while most studies focus predominantly on embodied car-
bon reduction, we propose and apply an eight-dimensional
assessment criterion that includes circularity, toxicity, eco-
logical impact, social value, and adaptability—preventing
problem-shifting across environmental categories. Third,
unlike descriptive reviews that catalogue green materials,
we critically evaluate context-dependencies (e.g., biogenic
carbon storage requires end-of-life verification; geopolymer
benefits depend on activator chemistry) and link material
innovation to system-level enablers (digital twins, material
passports, modular construction).

This article aligns materials in a new, more compre-
hensive framework for the “regenerative built environment”
rather than traditional categories of low-carbon materials,
recycled materials, bio-based materials and energy-efficient
materials. It explores the role of new construction technolo-
gies in reducing emissions and in storing carbon, achieving
circularity, restoring ecology, improving occupant health,
enabling adaptability, and building system-level resilience.

1013



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

This review is therefore systemic in nature and brings the
understanding of green materials beyond the product, con-
necting material origin and processing, material performance,
assembly, maintenance, disassembly, re-use, and ecological
reintegration 3],

Another contribution of this review is to organize a va-
riety of material technologies in a single comparative frame-
work with a common assessment logic. The research commu-
nities of the above-mentioned types of construction technolo-
gies are often considered distinct bodies of research. This
review combines these fields to show the complementarities
and trade-offs between the material pathways. For instance,
bio-based materials can be very well suited for envelopes
that need to store carbon, as well as lighter structures, while
light-load and infrastructure, and foundation applications
might still require cementitious systems with low carbon
content[!415] Both types of materials can be improved by
providing tracking, reusability and circular recovery through
digital material passports and modular construction. This in-
tegrative approach is necessary since regenerative buildings
will not be manufactured out of a single “ideal” material, but
out of a well-designed mix of materials, technologies and
life cycle strategies.

Multi-criteria evaluation is also highlighted for this re-
view. Technical performance indicators such as strength,
durability, thermal conductivity, acoustic performance, fire
resistance and moisture performance are taken into account
together with environmental indicators like embodied carbon,
carbon sequestration, water footprint and waste reduction!1®].
Other aspects examined are economic and social, such as cost,
supply-chain maturity, local availability, labor requirements,
occupant health and cultural acceptance!!”]. The review will
help to determine which materials are, in principle, promis-
ing and which are likely to be scalable, code-compliant and
appropriate for actual regeneration construction.

It be-
gins with a description of the latest innovations in the field

Thus, the aims of this article are threefold.

of green construction materials and technologies that can
contribute to a regenerative built environment!'®!. Second,
it considers their environmental, technical, economic and
circularity-related performance features, including opportu-
nities and challenges'°!. Third, it outlines key areas of future
research and development for material innovation, verifica-

tion of performance, life cycle assessment, digital integration

and policy development "), The review aims to offer a struc-
tured knowledge base for researchers, architects, engineers,
material scientists, manufacturers, and policy makers, all of
whom are striving for the next generation of regenerative
construction systems.

In brief, a new material agenda is needed to shift to-
wards sustainable and regenerative construction. This agenda
should not only focus on less embodied carbon, but also on
restoring material cycles, supporting ecological systems, fos-
tering human health and allowing buildings to evolve[?!.
Rigorous assessment, interdisciplinary integration and prac-
tical implementation strategies are necessary to enable the
potential of novel green building technologies to materialize
in making this transformation. The review aims to provide a
comprehensive picture of recent developments and research
on all of these material classes and to bring them together
in one framework: the concept of materials for a regenera-
tive built environment, which has been proposed as a key
enabler of the transition from a built environment that is a
driver of environmental problems to one that is a player in

environmental solutions.

2. Regenerative Material Principles
and Assessment Frameworks

2.1. From Sustainable Materials to Regenera-
tive Material Systems

Regenerative building materials are more than just a
sustainability goal of minimising environmental damage.
The materials are usually considered in sustainable construc-
tion based on low embodied energy, greenhouse gas emis-
sions, reclaimed materials, or reduced toxicity. These are
all requirements, but they are not enough to achieve a regen-
erative built environment. Regenerative material systems
are anticipated to have positive impacts on ecological, so-
cial and economic systems throughout their entire life cycle.
This implies that a material should be efficient in a building,
while also aiding carbon storage, circular use of resources,
ecosystem restoration, local resilience, and human health 221,

The process of this change needs a paradigm change
in the concept of construction materials. Typical materi-
als selection approaches involve mechanical performance,
cost, availability, durability and code compliance. These

are not challenges that a regenerative approach necessarily
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dismisses, but rather are part of a larger framework of envi-
ronmental accountability. A low-carbon concrete can also
have less emissions than ordinary Portland cement concrete,
but can still rely on limited industrial by-products or chemi-
cal activators that have unpredictable supply chains?*]. The
same applies to bio-based materials, which can sequester
carbon throughout their useful life but whose regenerative
value depends on impacts to land usage, harvesting meth-
ods, distance travelled, treatment chemicals, durability and
end-of-life?*]. So it is not possible to make judgements on
regenerative performance based on any one indicator, like
embodied carbon. It needs a multi-dimensional evaluation
and takes into account immediate material impacts and long-

term system consequences.

2.2. Core Principles of Regenerative Construc-
tion Materials

The following interrelated principles can be used to
describe regenerative construction materials. The first is the
carbon responsibility, which is made up of carbon reduction
and carbon sequestration?’]. There are materials like engi-
neered timber, hempcrete, bamboo, straw-based panels and
some products derived from algae that can store biogenic
carbon; mineral carbonation and carbon-cured cementitious
materials can permanently bind CO: in chemical reactions.
Note, however, that caution needs to be taken when consid-
ering carbon storage as it is dependent on service life, re-
placement cycles, biomass regrowth, and end-of-life process-
ing. Carbon-storing material when landfilled, incinerated
or replaced often, may not have the actual climate benefit it
appears to have.

Second, circularity. The design of regenerative materi-
als should aim at re-use, repair, remanufacture, recycling or
biological reintegration?®]. This isn’t just about the content
but also the structure and arrangement of the content. A mate-
rial that is bonded to another that cannot be separated without
causing permanent damage to the item may not be recyclable.
Thus, in this context, circularity is a design quality, rather
than a material quality. The potential for future recovery is
greatly enhanced by dry connections, modular components,
standardized dimensions and material passports.

Ecological compatibility is the third principle. Regener-
ative materials should be free of toxic emissions, long-lived

pollutants, and polluting extractive practices. The latter is

especially significant for bio-based and recycled materials,
where chemical additives such as preservatives, flame retar-
dants, synthetic binders or waste streams that may be contam-
inated can have negative environmental impacts. Ecological
compatibility also involves the possibility of contributing
to the preservation of biodiversity, for example through bio-
receptive facade materials, green roof substrates and through
living material systems that create habitats or improve the
urban microclimates %7,

Adaptability is the fourth principle. Buildings are sys-
tems with a long life, but the functions, users, climatic condi-
tions and regulatory requirements are changing over time 28],
Flexible materials to use, repair, disassemble and replace
can help prolong the life of the building and minimise future
material demands. It is therefore not just about the mate-
rial used, but also about the ability of the material to enable
buildings to evolve without large-scale demolition, which is

required for regeneration.

2.3. Life-Cycle Assessment and Whole-Life
Carbon Evaluation

One of the most popular methods for assessing the en-
vironmental performance of construction materials is called

t1291 Tt offers a systematic framework

Life-cycle assessmen
to measure the impacts of raw material extraction, production,
transport, construction, operation, maintenance, replacement
and end-of-life processing. However, the practice of conven-
tional LCA needs to be interpreted with care when applied
to regenerative construction. Cradle-to-gate values are used
to promote many emerging green materials, including the
extraction and manufacturing, but not the transport, installa-
tion, maintenance, service life, or disposal. These boundaries
can overestimate benefits in cases of high replacement rates,
particular transportation needs or high chemical treatment
needs.

A more comprehensive basis for comparison is the
whole-life carbon assessment 3], It encompasses embodied
carbon as well as operational carbon, maintenance carbon
and end-of-life scenarios. This is particularly relevant since
the performance of low-carbon materials in actual buildings
can vary. For example, a low embodied carbon natural in-
sulation can help to lower operational energy if it has low
thermal values, however if it has low moisture management,

its life can be shortened which would lead to higher replace-
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ment emissions. On the other hand, a higher initial embodied
carbon can lead to a longer useful life and reduced mainte-
nance and service requirements, enhancing the performance
of the product over its entire life.

One of the main problems in the evaluation of carbon is
the accounting of biogenic carbon*!1. Assuming that the car-
bon stored in bio-based materials is temporary, one could ask
whether such carbon should be counted as temporary storage
in the atmosphere, depending on assumptions concerning
sustainable harvesting, regrowth, forest or crop management,
and the fate of the material after its use. It is misleading to
consider all bio-based materials as carbon-negative. A more
stringent method should consider temporary storage versus
permanent sequestration and should account for sensitivity
analysis of the various end-of-life paths.

2.4. Circularity Assessment and Material Flow
Evaluation

Circularity assessment is a complementary method to
LCA, which focuses on the use of materials in technical or
biological cycles!*?]. This presents a major difficulty in con-
struction work as buildings are long-lasting, materials can
be mixed (composite or bonded) or construction can involve
demolition of materials with low value, creating a low-value
waste stream. It is therefore important to consider future re-
coverability as well as recycled content within a regenerative
framework. High recycled content materials can still be a
source of linear waste if not separable or reusable at the end
of life.

Flow analysis of materials can be used to determine
the points of entry, storage and exit of resources in the built
environment33). It is useful for the comprehension of urban
buildings as material banks. Documented and recoverable
steel beams, timber panels, fagade elements, bricks, glass
units and raised floor systems can often have value. Digital
material passports can be used to achieve this by document-
ing material composition, origin, environmental information,
maintenance history and reusability. For material passports
to be effective in practice, however, there is a need for stan-
dardized data, long-term access to the information, owner
models, and linkage with markets for demolition and reuse.

Circularity also needs to be differentiated between high-
value and low-value recovery. Recycling concrete for road

base is an example of downcycling concrete, but it still means

that waste is not sent to landfill. The material value is pre-
served and further emissions are avoided if a structural com-
ponent is used more than once in a similar use. Reduction,
reuse, repair, remanufacture, high-quality recycling and fi-
nally energy recovery/disposal should therefore be prioritized
based on value retention ).

2.5. Technical Performance, Durability, and

Risk Assessment

One of the drawbacks in some Green Materials dis-
cussions is the notion that if a material is environmentally
friendly, it will be used in practice. In practice, building
materials need to meet various technical criteria concern-
ing structural strength, durability, fire resistance, water and
moisture resistance, acoustical properties, thermal properties,

16] " Failure of materials

health safety and maintainability!
that can be regenerated could result in further environmental
impacts involving repair, replacement, and liability. Thus,
sustainability is inseparable from durability—it is one of its
basic prerequisites.

There are uncertainties associated with emerging mate-
rials because of limited standard testing methods and long-
term field data. Materials such as mycelium composites,
algae materials, biochar-enriched materials and new geopoly-
mers may be promising in the laboratory, but need to be tested
in different humidity conditions, under freeze-thaw, biolog-
ical attack, UV degradation and construction tolerance ?*).
Likewise, there may be variations in performance with recy-
cled materials as the feedstock may vary. This is why quality
control is crucial. Reliable classification, certification and
prediction of performance are vital for market uptake other-
wise.

Unintended effects should also be taken into account
for risk assessment. To enhance the fire performance of
bio-based materials, flame retardants can raise toxicity is-
sues. There can be increases in embodied carbon when using
chemical stabilizers on earth materials. The use of alkali ac-
tivators in geopolymers can decrease the amount of cement
needed, but create risks of handling and associated emissions
in the supply chain. These examples demonstrate that single
substitution logic in assessing materials in the context of re-
generation is problematic. It isn’t just about substituting one
material for another, it’s about optimizing the whole material

system 331,
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2.6. Health, Social Value, and Local Regenera-
tion

Human health and social outcomes should be part of
the assessment of regenerative material. Materials can affect
the indoor air quality, management of humidity, thermal com-
fort, sound properties and the comfort of the building user 3¢,
Through their appropriate use, low-emission finishes, natu-
ral fibers, clay plasters, lime-based finishes and hygroscopic
products based on bio-substances can positively contribute
to the indoor environmental quality. But it’s not enough just
to be natural; it has to be safe, too. Careful consideration is
needed for mold risk, allergens, VOC compounds in binders
and chemical treatments.

Local sourcing is another key factor. Local manufac-
turing using regional biomass, agricultural residues, earth,
recycled demolition waste or locally available industrial by-
products can contribute to reducing transport emissions and
boosting regional economies[*”). They can also help foster
place-based architectural identity and community acceptance.
However, it is important to remember that local sourcing is
not a romantic concept. A locally sourced material that is not
durable, is not well processed, or is not extracted correctly
can have a poorer performance than an alternative, responsi-
bly sourced material from a greater distance. Locality values
are regenerated through ecological management, labor con-
ditions, processing energy and performance over the long
term.

Affordability and accessibility are also considered so-
cial values. Regenerative materials will continue to be high-
cost specialty products unless prices are reduced *®]. There
are several requirements for scalable solutions that must
match housing needs, public procurement, the skills of the
workforce and regulatory systems. This is particularly the
case in areas experiencing rapid urbanization where mate-
rial choices not only bring about carbon reductions but also
contribute to housing equity and infrastructure resilience.

2.7. Toward an Integrated Assessment Frame-
work

An integrated framework for regenerative construction
materials should combine environmental, technical, circular,
health, social, and economic criterial®*1. Such a framework
must recognize trade-offs rather than seeking universal ma-
terial rankings. No single material is regenerative in all
contexts. Engineered timber may be highly suitable for mid-
rise structures in regions with certified forests and mature
timber industries, while earth-based materials may be more
appropriate in climates and cultures with established earthen
construction knowledge. Low-carbon concrete may remain
necessary for foundations, infrastructure, and high-moisture
environments, while bio-based insulation may offer greater
benefits in envelopes and interior systems [0,

The most useful assessment method, therefore, is
context- and system-specific. It should question the perfor-
mance of a material in a specific building type, climate, supply
chain, regulatory context and end-of-life situation. It should
also take into account interactions between materials, assem-
blies and technologies. Many materials can be enhanced in
their regenerative potential by modular design, reversible con-
nections, digital tracking and maintenance planning!”). On
the other hand, insufficient detailing or incompatible assem-
blies can thwart the most eco-friendly products.

In general, a shift is needed from product assessment
to life-cycle and systems thinking in assessing regenerative
materials. The deeper question is whether a material is green,
recycled, bio-based or low carbon, or whether it can help cre-
ate a built environment that can lower emissions, conserve
resources, restore functions, uphold human health, and be
adaptive over time*!l. This overview serves as the basis
to assess the material technologies to be discussed in the
coming sections. In Table 1, the following are summarized:
the key dimensions, indicators, regenerative relevance, and

critical considerations of this assessment approach.

Table 1. Proposed assessment framework for regenerative construction materials, including carbon performance, circularity, technical
reliability, health, ecological impact, economic feasibility, social value, and adaptability.

Assessment Dimension Indicators

Relevance to Regenerative

Critical Considerations

Construction

Embodied carbon, carbon storage,
carbon mineralization, whole-life
carbon

Carbon performance

Determines whether a material
reduces or stores carbon across its
life cycle

Carbon negativity must be verified
through clear system boundaries
and end-of-life assumptions

1017



Journal of Environmental & Earth Sciences | Volume 08 | Issue 08 | August 2026

Table 1. Cont.

Assessment Dimension

Indicators

Relevance to Regenerative
Construction

Critical Considerations

Circularity

Reusability, recyclability,
repairability, design for disassembly,
material passport compatibility

Supports closed-loop material flows
and reduces virgin resource demand

Recycled content alone is
insufficient if future recovery is not
possible

Technical performance

Strength, durability, fire resistance,
moisture behavior, acoustic and
thermal properties

Ensures that green materials can
meet real building requirements

Poor durability can offset
environmental benefits through
repair and replacement

Health and toxicity

VOC emissions, indoor air quality,
mold risk, chemical additives,
occupant comfort

Links material choice to human
well-being and healthy indoor
environments

Natural or recycled origin does not
automatically mean non-toxic

Ecological impact

Land use, biodiversity, water
demand, habitat support, pollution
prevention

Evaluates whether materials
contribute to ecological restoration
or degradation

Bio-based materials require
sustainable sourcing and
ecosystem-sensitive production

Economic feasibility

Cost, availability, manufacturing
maturity, maintenance demand,
supply-chain stability

Determines whether regenerative
materials can scale beyond niche
applications

High initial cost may be justified
only if whole-life benefits are
demonstrated

Social value

Local sourcing, job creation,
cultural acceptance, affordability,
skills availability

Connects material innovation with
community resilience and regional
development

Local materials must still meet
durability, safety, and
environmental standards

Adaptability

Modularity, flexibility,
replaceability, compatibility with
future reuse

Extends building life and reduces
future material demand

Irreversible assemblies can
undermine otherwise regenerative
materials

3. Bio-Based and Carbon-Storing
Construction Materials

3.1. Engineered Timber and Mass Timber Sys-
tems

Engineered timber has emerged as one of the most vis-
ible embodied carbon material pathways for buildings, as
well as for advancing the regenerative construction path-
way. These products include cross-laminated timber, glue-
laminated timber, laminated veneer lumber, and dowel-
laminated timber, which make wood into a high-performance
structural system for floors, walls, beams, columns and hy-
brid building assemblies. Engineered timber materials can
reduce embodied emissions, lighten structure loads, increase
prefabrication speed, and provide the ability to store biogenic
carbon during the building’s lifecycle compared to traditional
reinforced concrete and steel structures 2.

However, the regenerative potential of mass timber
relies heavily on forest management, harvesting, manufac-
turing energy, transport distance, design life and end-of-life
scenarios. Sustainably managed forests can provide renew-
able material cycles, whilst forests with ecological degra-
dation or monoculture forests can lead to biodiversity loss,

soil degradation and carbon debt. So, the environmental

worth of timber should not be taken for granted because of
its biotic source. To make timber buildings part of the ecosys-
tem regeneration process and not merely a transfer of stress
from the construction site to a forest landscape, certification
systems, regional forestry governance and transparency of
supply chains are needed 3.

Technically, mass timber has many benefits in terms
of prefabrication, accuracy and speed of construction. It
offers a good strength-to-weight ratio for lighter foundation
constructions, and may help to minimize transportation and
crane requirements. It also offers aesthetic and biophilic
attributes that can enhance the experience of the occupants.
However, there are still issues with fire resistance, water-
proofing, acoustics, connection design, and durability that
must be addressed to allow for widespread adoption. There
has been an increase in confidence in timber buildings, due
to modern approaches to fire design such as charring calcula-
tions, encapsulation, sprinklers and hybrid structural systems,
although there is some variation in acceptance from region
to region. Moisture is of particular importance as it can af-
fect the durability and the safety of the structure due to poor
detailing during construction or operation. Therefore, it is
important to recognize that mass timber is not a general solu-
tion for all concrete and steel structures, but rather a strong

regeneration solution when used in the appropriate building
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system with careful design and responsible sourcing policies

for the material (43!,

3.2. Bamboo and Rapidly Renewable Struc-
tural Materials

Bamboo is now known as a rapidly renewable construc-
tion material with significant potential for low-carbon and
regenerative building. Its high tensile strength, low density,
high growth rate, ability to be harvested and re-grown, of-
ten in the same location, makes it very desirable for use in
structural components, panels, flooring, temporary build-
ings and modular buildings, and facade applications. With
widespread availability of bamboo in certain areas, local
economies can benefit from bamboo; its use can cut down
on the need to import materials, and it can reinforce local
building traditions 4.

Engineered bamboo products try to address the dimen-
sional irregularity and durability restrictions of raw bam-
boo by taking it apart and stringing it back together into a
laminated board, scrimber, panel and composite structural
product®. Such products can yield better mechanical con-
sistency and better compatibility with today’s building sys-
tems. But the regenerative value of bamboo is dependent
on various factors like the intensity of processing, adhesives
used, preservative treatments, logistics, etc. The bamboo
products that are highly processed may need high-energy-use
manufacturing and synthetic resins to enhance their bamboo
benefits. Furthermore, chemicals to preserve the bamboo
from insects, fungi and water can cause health and end-of-life
issues.

The major challenge for bamboo construction is stan-
dardization. Bamboo is still not well harmonized with regard
to its structural reliability, connection design, fire properties,
and durability classification, as there are well-established
grading systems, codes, and design practices for timber in
many countries. This restricts its application in formal con-
struction markets, in particular multi-story or public build-
ings. However, with local cultivation, low-toxicity treatment,
modular design and community-based manufacturing, bam-
boo has great regeneration potential in suitable climates and
regions. Its most significant value could be not only in the
substitution of commonly used materials, but also in the de-
velopment of sustainable building systems for a particular

area that incorporate ecological regeneration and social and

economic benefit[*4],

3.3. Hempcrete, Straw Bale, Cork, Flax, and
Agricultural-Residue Composites

Building envelopes play a significant role in building
operation energy use, thermal comfort, moisture control and
embodied carbon and thus, offer an important opportunity for
bio-based envelope materials and insulation. Increasingly, a
number of composites that utilize agricultural residues are
being evaluated as alternatives to mineral wool, expanded
polystyrene, polyurethane foam, and other traditional insu-
lation materials, such as hempcrete, straw bale, cork, flax
fiber, sheep wool, rice husk, bagasse, and others[#*]. They
have low embodied energy, are light in weight, renewable
and can fix biogenic carbon during their useful life.

One of the most popular bio-based wall products is
hempcrete. It is mainly manufactured using hemp shiv, lime-
based binder and water to make a lightweight composite
material, which has excellent heat insulation, vapor perme-
ability, and moisture absorption properties. Typically, the
use of hempcrete is not used as a main load-bearing material
but can be combined with timber or steel. It is suitable for
low-energy buildings due to its humidity and temperature
control properties. But the low compressive strength, con-
struction moisture sensitivity, curing time of hempcrete and
the binder composition should be taken into account*”).

Straw bale building has the same regeneration potential
as it is constructed from agricultural residue which could oth-
erwise be wasted, burned or underutilized. Straw bales have
a high insulation value and can be used as a load-bearing
wall or an infill wall. If detailed properly with breathable
plasters, moisture control, and proper roof protection, straw
buildings can be durable and comfortable. However, public
opinion, fire issues, pest resistance and code acceptance is-
sues pose challenges. Other insulation, flooring, panels and
composites are made of cork and flax. Cork is a renewable
resource if not removed from the tree and flax fibers can be
used to reinforce biocomposites and decrease the need for
synthetic fibers 31,

Agricultural-residue composites play a crucial role in
circular bioeconomy strategies. Consequently, rice husk,
wheat straw, coconut fiber, sugarcane bagasse and other agri-
cultural residues can result in value-added building materials,

thus reducing waste. But the environmental effects of these
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materials depend on the binder used, the process temperature,
durability, and competition with other applications includ-
ing animal bedding, soil amendment or bioenergy. The key
point to take from the critical insight is that residues are not
impact-free just because they are wastes. Removing them
from agricultural systems could have an impact on the carbon,
nutrients cycles and local resource flow. Regenerative use,

therefore, needs careful assessment on a regional level (6],

3.4. Mycelium-Based Composites

One of the most innovative classes of biofabricated
construction materials is the mycelium-based composites 4%,
They are made from the growth of fungal mycelium on saw-
dust, straw, hemp residues or other plant waste products. The
mycelium grows through the substrate to form a light, porous
composite material that can be dried or heated to prevent
biological growth. This can be processed into insulation
boards, acoustic panels, interior partitions, packaging and
non-structural parts.

What makes mycelium materials so attractive is their
low-temperature production, waste biomass, and biodegrad-
ability, as well as their possible biological cycle compatibility.
Mycelium composites, in contrast to many traditional insula-
tion and panel products, can be produced with a relatively
low energy consumption and can be free of petroleum-based
binding agents. They can have porous properties offering
thermal and acoustic insulation and therefore they are po-
tential candidates to be used for interior and envelope ap-
plications. They can also be used as molds, which helps
to improve design flexibility and reduce waste during the
manufacturing process .

These benefits notwithstanding, mycelium composites
are still in the early phases of adoption in the construction
industry. They typically have limited mechanical properties
when compared to structural materials and are sometimes
affected by the fungal species, the substrate, the density, the
environment, and the post-treatment techniques. Moisture
sensitivity is important because fungal-derived materials will
break down if left in high humidity or will encourage biologi-
cal activity. Additional improvements and verification of fire
performance are also needed. Additives and coatings can im-
prove resistance but they might decrease biodegradability, or
add toxicity. So, the mycelium materials have demonstrated

a good regeneration capability; however, at the time of this

writing, they are not used in structural applications or on
exterior surfaces due to a lack of durability, fire resistance,
and standardization %,

3.5. Algae-, Cellulose-, and Lignin-Derived Ma-
terials

Algae, cellulose, and lignin are all becoming a focus
of interest as feedstocks for next-generation, regenerative
materials. There are several ways in which algae-based
systems can be applied to construction, such as bioreactive
facades, bio-based binders, insulation materials, pigments,
bio-plastics as well as carbonate formation processes>!1. Al-
gae could subsequently be used in facade systems for carbon
dioxide uptake, biomass production, shading and building
energy systems. These applications point to a future where
building skin is not just a passive surface but an active biolog-
ical interface. But the algae-integrated systems are complex,
and a lot of care needs to be taken with water, nutrients,
light, maintenance, contamination and harvesting. They are
very sensitive to the design of the system and not only the
material.

Cellulose is one of the most abundant renewable poly-
mers and is already being used in cellulose insulation, fiber-
boards, papers, coatings and composites 2. Higher-level ap-
plications involve nanocellulose-reinforced materials, trans-
parent wood, bio-based films, aerogels and high-performance
fiber composites. Nanocellulose is especially interesting due
to its high strength, low density and its capacity to enhance
the mechanical and barrier properties of composites. But
energy, water or chemical use can be very high in the pro-
duction methods, so environmental performance must be
measured using life-cycle assessment, not simply based on
renewability.

Lignin, a major by-product of the pulp and paper indus-
try, is also being studied as a binder, adhesive, carbon fiber
precursor, resin modifier, and cementitious or polymer addi-
tive 331 Its valorization may decrease the use of phenol and
synthetic resins derived from fossil fuels. However, lignin’s
chemical complexity and variability make it difficult to use
in industries. As with all “bio”-based feedstocks, the fun-
damental research question is not whether or not lignin can
be used, but how it can be applied in a technically reliable,
economically competitive, and environmentally benign way

as compared to other available options.
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Algae-, cellulose- and lignin-based materials signify
a more comprehensive bio-based construction economy 141,
Their novelty is that they convert biological resources into
functional elements of a building that store carbon, adapt
to climate and/or can be circularly reintegrated. Many of
these technologies, however, are still at an experimental or
pilot scale rather than at the mainstream construction stage.
Whether they will become a meaningful part of the future
will hinge on scaling up production without producing too
many chemicals, using too much land, or causing production

to be unpredictable.

3.6. Critical Comparison of Bio-Based Materi-
als

Bio-based, carbon-storing materials are among the
most promising avenues towards a truly regenerative built
environment, but they also illustrate the complexity of re-
generation as a material concept??l. The primary benefits of
their use are that they can be sourced renewably, can poten-
tially sequester carbon, have low embodied energy, enhance
indoor environmental quality and can be integrated with cir-
cular or biodegradable pathways. They can substantially
lower the need for mineral extraction and fossil-based prod-
ucts in appropriate applications, support local bioeconomies
and improve the health of buildings.

The regenerative potential of bio-based materials, how-
ever, is very context-specific. Carbon storage is significant
if biomass is produced sustainably and buildings have ex-
tended service lives, and there is no rapid carbon release at
the end of their life'?]. Monoculture plantations, fertilizer
application, irrigation needs, habitat alteration, and long-

distance transportation can create environmental pressure
through renewable feedstocks. In the service life, moisture,
pests, and biological degradation may be a problem, while at
the end of life, biodegradability can be a good thing. In the
same way, health and circularity benefits can be lost because
of changes in durability or fire resistance that result from
chemical treatments.

It is important to note that another critical comparison
is that the biomaterials are not simply a direct replacement for
all of the conventional materials for construction[*3l. While
most bio-based products are suitable for insulation, panels,
finishes, facades, and hybrid assemblies, mass timber and
engineered bamboo can be used for structures. They are
most likely to be used in combination with other low-carbon
technologies. For instance, timber frames can be combined
with hempcrete infills and clay plasters, cellulose insulating
material, recycled metal connectors and demountable assem-
blies. These kinds of systems can offer more regeneration
than individual materials.

The key takeaway is that it is not necessarily regener-
ative to build bio. It is regenerative when biological sourc-
ing, material processing, building design, operational per-
formance, maintenance and end-of-life recovery are aligned.
Integrated design, reliable certification, long-term perfor-
mance data and region-specific assessment are all essential
prerequisites. Under these circumstances, bio-based and
carbon-storing materials could play a role in moving from a
linear extractive model of construction to a renewable, cir-
cular and environmentally regenerative material system!7],
The primary applications, regenerative potential, limitations
and research needs of bio-based and carbon-storing materials

have been summarized and compared in Table 2.

Table 2. Bio-based and carbon-storing construction materials: principal applications, regenerative potential, key limitations, and future

research needs.

Material Category Main Applications

Regenerative Potential

Limitations Research Needs

Engineered timber
and mass timber

Structural frames, floors,

walls, hybrid systems prefabrication

Stores biogenic carbon, reduces
structural weight, and enables

Fire design, moisture
protection, forestry
impacts, acoustic
performance

Long-term durability data,
sustainable forestry
verification, and hybrid
system optimization

Lack of standardized

Bamboo and
engineered bamboo

Structural elements,
panels, fagades, flooring

Rapidly renewable, high
strength-to-weight ratio,
supports regional bioeconomies

codes, treatment chemicals,
and connection design

Structural grading systems,
low-toxicity preservation,
durability testing

Hempcrete

Wall infill, insulation,
envelope systems

Carbon storage, vapor
permeability, thermal and
humidity regulation

Low structural capacity,
curing time, and moisture
sensitivity

Binder optimization, field
performance, fire and
moisture behavior

Straw bale systems

Wall systems, insulation,
low-rise buildings

Uses agricultural residue, has a
high insulation value, and low
embodied energy

Public perception, pest
risk, fire concerns, and
code limitations

Standardized detailing,
moisture monitoring, and
long-term case studies
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Table 2. Cont.

Material Category Main Applications Regenerative Potential Limitations Research Needs
. . Scalable processing,
Cork and flax Insulation, flooring, panels, Rer.le.wable, lightweight, low Cost, regional availability,  recyclable bio-binders,
. . . toxicity, good thermal . .
composites acoustic materials binder dependence performance under humid

performance

conditions

Mycelium composites

Insulation, acoustic panels,
interior partitions

Low-temperature
biofabrication, waste biomass
use, and biodegradability

Moisture sensitivity, low
mechanical strength, and
fire performance

Durability enhancement,
non-toxic fire treatment,
standard testing protocols

Algae-based materials

Bio-reactive fagades,
bioplastics, binders, and
shading systems

Potential carbon capture,
biomass production, and
adaptive envelope function

Maintenance complexity,
water and nutrient demand,
system instability

Pilot-scale validation,
life-cycle assessment,
operational reliability

Cellulose and
lignin-derived
products

Insulation, panels,
coatings, adhesives,
composites

Renewable feedstock, waste
valorization, potential
fossil-resin replacement

Chemical processing
impacts, feedstock
variability, and moisture
sensitivity

Low-impact processing,
bio-based binders,
end-of-life recovery
pathways

4. Low-Carbon, Recycled, and Circu-
lar Mineral-Based Materials

4.1. Low-Carbon Cement and Concrete Tech-
nologies

Concrete is the most common material used in the con-
struction sector globally. As cement becomes the focal point
of the decarbonization challenge, it is imperative to consider
the material’s use within an integrated approach to a regener-
ative built environment. The high embodied carbon content
of ordinary Portland cement stems from the energy required
for clinker production at high temperatures and for limestone
calcination. These have led to the development of a number
of key strategies to minimize the environmental footprint of
concrete, such as reducing clinker content, increasing the
efficiency of the binder, and incorporating carbon capture
and/or mineralization methods 34,

The use of supplementary cementitious materials such
as fly ash, ground granulated blast-furnace slag (GGBS),
silica fume, natural pozzolans, and calcined clays can partly
replace Portland cement and enhance certain durability prop-
erties!3]. Of these, the most recent to receive attention is
limestone calcined clay cement (LCC), which can signifi-
cantly reduce the need for clinker and be produced using
relatively abundant clay and limestone resources. Where ap-
propriate kaolinitic clays are available, calcined clay would
provide a more stable long-term supply than fly ash and slag,

both of which are derived from power generation and steel

production, which depend on coal. This is significant be-
cause some low-carbon binders are produced from industrial
by-products of high-carbon industries, and their availability
may decrease as the economy decarbonizes.

Other emerging approaches are carbon-cured concrete
and CO: mineralization technologies. The processes intro-
duce CO: during curing or aggregate production and allow it
to react with calcium-bearing phases, forming stable carbon-
ates. They have the potential for regeneration by combining
emission reduction and partial carbon storage. This overall
climate benefit will, however, vary according to the source of
COz, energy demand, the extent of mineralization, transport
logistics, and the impact on mechanical performance. It is
thus important to consider carbon use as a whole-life carbon
analysis, not as carbon negative 34,

There is a serious challenge with low-carbon concrete:
the reliability of its performance. Concrete is used in high-
rise buildings, bridges and tunnels, marine applications,
safety-critical applications, and foundation applications. Any
alternative binder should meet the requirements for strength
development, workability, durability, reinforcement compat-
ibility, shrinkage, creep, and resistance to aggressive envi-
ronments. The problem isn’t just about finding ways to cut
down on cement; it’s about doing so without causing prema-
ture failure or requiring a lot of maintenance. In the context
of regeneration, the ideal concrete is not the one with the
lowest carbon footprint, but the one required to perform the
function with the fewest materials, a long service life, and a

promising end-of-life %°],
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4.2. Recycled Aggregate Concrete and
Construction-Demolition Waste Valoriza-
tion

One of the largest material flows in urban systems is
construction and demolition waste (CDW). This waste can
be recycled and used as aggregates, binders, blocks, panels,
and other products, to help alleviate pressure on landfills
and a reliance on the extraction of virgin stone, sand, and
gravel. Hence, recycled aggregate concrete is an important
circular solution, especially in urban areas where recycling
and construction demand are occurring simultaneously 7.

This is achieved by crushing waste concrete and collect-
ing the contaminants like steel, wood, gypsum, plastics, and
soil before using them as recycled concrete aggregates>®.
The introduction of natural aggregates into new concrete can
be reduced through their use, but they pose some technical
challenges. Old mortar is frequently found in recycled ag-
gregates, resulting in a higher porosity, water absorption and
variation. If not managed properly, this can have a detrimen-
tal effect on the compressive strength, elastic modulus and
durability. There may also be an interfacial transition zone
between recycled aggregate and new cement paste that is
weaker than that of conventional concrete. The limitations
can be overcome by better crushing, pre-saturation, carbona-
tion treatment, surface coating, mix design optimisation and
partial replacement.

Moreover, the environmental benefits of RAC are re-
lated to the context. High-quality natural aggregates are
locally available and recycling involves long-distance trans-
portation or intensive processing, the carbon benefit might

1391, On the other hand, in built-up areas where landfill

be low
space is limited and there is a high demand for aggregates, re-
cycled material can offer significant circularity benefits. But
this is a familiar pattern in the field of assessing regenerative
materials: recycled content is not always a good measure of
sustainability. The benefit actually depends on the quality of
recovery, avoided extraction, transport distance, processing
energy and final application.

The valorization of CDW goes beyond concrete aggre-
gates. Secondary materials generated from waste masonry,
ceramics, glass, asphalt, gypsum and mixed mineral waste
can be used to make road bases, cementitious binders, bricks,
tiles, insulation and precast products. For high-value ap-

plications, however, sorting and contamination control are

required. If the waste is not sorted correctly, it can contain
chlorides, sulfates, organic residues or harmful substances
that can negatively affect performance and safety. Thus, the
use of circular mineral materials requires the involvement of
materials science, as well as demolition practices, logistics,
regulation, and market infrastructure (],

4.3. Geopolymers and Alkali-Activated Mate-

rials

Some of the most advanced alternatives to Port-
land cement-based binders include geopolymers and alkali-
activated materials/®).  They are made by reacting
aluminosilicate-containing precursors like fly ash, slag,
metakaolin, volcanic ash, mine tailings or calcined clays
with alkaline solutions. These binder systems can be used
in structural, repair and industrial applications and provide
high mechanical strength, chemical resistance, and thermal
stability.

The low-carbon potential is due primarily to the abil-
ity to reduce or eliminate Portland clinker. If industrial
by-products or natural pozzolans are available, the use of
alkali-activated materials can help to greatly reduce embod-
ied emissions. They can also up-value waste streams that
would be sent to landfill. Furthermore, certain formulations
possess outstanding resistance to acid attack, sulfate attack,
and high temperature, which may be beneficial for durability
performance under specific conditions when compared with
conventional cement systems[6!],

Nonetheless, geopolymer should not be touted as an
easy, one-size-fits-all solution to the cement problem. The
environmental performance of their products is greatly in-
fluenced by the type of precursors, the composition of the
activators, the curing temperature and transport distances (6%,
Embodied energy and environmental impacts can be high
for the two common activators, sodium silicate and sodium
hydroxide. The advantage applies even less if heat curing
is necessary. Additionally, variations in feedstock may in-
fluence setting times, strength development, shrinkage, and
durability. The availability of fly ash-based systems, for in-
stance, may be reduced as coal power is phased out, and the
availability of slag depends on steel production methods.

Standardization is still a big challenge. Mature codes,
testing protocols, supply chains, and contractor familiarity

are all advantages of conventional cement and concrete. The
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standards for alkali-activated materials mix design, durabil-
ity prediction, reinforcement corrosion, long-term creep and
shrinkage, and quality control need to be clearer. They are
most useful when local precursors are available and can be
used safely and regularly, when there is minimal impact of
activator and when the use of applications is based on proven

efficacy, not on generic statements[©!],

4.4. Recycled Metals, Glass, Plastics, and Com-
posite Materials

Metals, glass, plastics, and composites are important in
structural frames, facades, envelopes, services, interiors, and
finishes, despite being less than a significant part of the mass
in construction!®]. This is why their use in a circular man-
ner is important in regenerative construction. Metals have
special value because steel and aluminum can be recycled
endlessly without changing their basic properties. Reuse
also helps to save additional value, as it does not involve
energy-intensive recycling and fabrication processes.

The most difficult aspect of metal reuse is not the tech-
nical but the system organization?®). Structural members
need to be documented, tested, and certified, deconstructed
without damage, and matched to new design requirements.
Digital inventory, standard member sizing, reversible con-
nections, and re-use marketplaces can enhance this process.
But liability, the absence of design codes for reused parts, un-
certain availability, and extra inspection labor can restrain the
implementation of reused parts. Any regenerative approach
should first focus on direct reuse, then on high-quality recy-
cling when that is not possible.

Another material with great circular potential but prac-
tical challenges is glass. Glass can be used in a variety of
recycled glass products, including new glass products, con-
crete, tiles, insulation, foam glass, and decorative items[®4,
But the quality of the recoveries is affected by contamination,
color sorting, coating, laminates, and collection logistics.
When used as an aggregate, waste glass can be incorporated
into concrete, and when finely ground, it can serve as a sup-
plementary cementitious material, provided it does not cause
an alkali-silica reaction. Recycled glass can be used as foam
glass insulation material with long-lasting, moisture-proof,
and non-combustible characteristics, and this type of glass
is suitable for use in certain envelope and foundation appli-

cations.

Recycled plastics and polymer composites are used
to make lightweight building components, panels, pipes,
decking, formwork, and insulation; and to divert plastics
from landfill and the oceans(®>). However, their rejuvenative
qualities are disputed. Plastics can also lower weight and
moisture resistance, but in some cases, they are derived from
fossil resources, can be a source of microplastics, and can
be hard to recycle if additives, fillers, or fiber reinforcement
are added. Recycled plastic products, thus, should be used
in applications where there is a reasonable expectation of
durability, safety, and recovery. Otherwise, they could be
turning short-lived waste into long-lived but low-circularity

building products.

4.5. Earth-Based and Locally Sourced Mineral
Materials

Earth-based materials are among the oldest construc-
tion technologies. They are relevant again in the context of
regenerative design, such as rammed earth, adobe, cob, com-
pressed earth blocks, and clay plaster[®®), Their advantages
are that they can be processed with low energy requirements,
can be obtained locally, are recyclable, have thermal mass
and vapor permeability, and can contribute to indoor relative
humidity regulation. Many earth materials can be manufac-
tured with relatively low heat input and reused in various
ways with minimal processing, while fired brick or Portland
cement products cannot.

When stabilized, compacted, and protected from exces-
sive moisture, rammed earth and compressed earth blocks
can be used to create sturdy wall systems. They also have a
high thermal mass that can help reduce temperature fluctua-
tions inside the building, particularly in areas with large diur-
nal temperature swings. Low-toxicity finishes and moisture-
buffering capabilities can be enhanced in the interior with
clay plasters. Earth materials are also attractive for low-
carbon construction due to these qualities, as well as for their
role in occupant comfort and their relation to local culture [0,

Earth construction, however, is highly dependent on
the type of soil, its quality, climate, design, and upkeep. Dete-
rioration can result from water erosion, capillary rise, freeze-
thaw cycles, and poor foundations and roof overhangs. The
use of stabilizers (e.g., cement, lime, bitumen) can enhance
strength and water resistance but can also increase embodied

carbon and reduce recycling value. Therefore, the technical
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optimization of earth materials should take into account the
durability and reversibility in the environment 66,

Yet another obstacle is regulatory acceptance. Even
though earthen construction has a long history, it is still con-
sidered an unconventional building practice in many parts of
the country. There is a lack of standardization in testing, a
lack of expertise among contractors to use the product, and
conservative permitting systems that limit use. From a re-
generative point of view, earth materials are most interesting
when they are locally available, are designed to be lightly sta-
bilized, adaptable to climate conditions, and are incorporated
into design elements to minimize their service-life require-
ments®7l, They are not just technologically remarkable, but
also help to redefine the relationship between construction
and regional geologies, skills, and low-impact material cy-

cles.

4.6. Circular Design Integration

Low-carbon and recycled mineral materials can only

reach their full regenerative potential when integrated with

Landfill

circular design strategies''?]. Material substitution alone is
insufficient if buildings continue to be designed for demoli-
tion, mixed waste generation, and linear disposal.

The regenerative material life cycle shown in Figure
2 highlights the need to prioritize reuse, repair, remanufac-
ture, high-quality recycling, and biological reintegration over
landfill, incineration, or downcycling. The first step of cir-
cular design is to minimize material demands by consider-
ing material usage through structural efficiency, adaptability,
lightweight systems, and design optimization[%®). Sometimes
it is better to avoid unnecessary material use than to use a
lower-carbon material instead of a higher-carbon one.

Significantly, design for disassembly is important. If
components of mineral materials can be separated and iden-
tified, then they can retain value, such as concrete, brick,
stone, glass, and metals. Modular dimensions and layered
construction assemblies with accessible fasteners and dry me-
chanical connections can facilitate future repair, replacement,
and recovery!”). Conversely, assemblies that use irreversible
bonding can make it difficult to reuse the components, even

if they’re recyclable.

1. Material Sourcing

8. Reuse / Remanufacture /
Recycling / Biological Return

2. Manufacturing

Reuse
Incineration
Repair
Regencrative
7. Deconstruction Material System Remanufacture 3. Building Design

Circular, Low-waste,
Value-retaining Life

Cycle

Downcycling

6. Adaptation And
Repair

High-quality Recycling

Biological Reintegration

Contamination

Construction

5. Operation And Maintenance

Premature Demolition

Figure 2. Regenerative material life-cycle model showing circular recovery pathways, including reuse, repair, remanufacture, high-quality
recycling, and biological reintegration, while minimizing material leakage through landfill, incineration, and downcycling.

Digital technologies can enhance the circular integra- digital twins, and sensor-based monitoring can track material

tion. Material passports, building information modeling,

composition, location, maintenance history, and re-use po-
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tential®]. The tools treat buildings as material banks, thereby

treating components as future resources rather than waste.

But without real deconstruction skills, secondary markets,
and legislation, a material passport can become a theoretical
concept rather than a real game-changer.

One of the key lessons learned is that waste diversion
is not the same as value retention, which is the ultimate goal
of circularity[%°). Crushed concrete can be used in fill, which
decreases landfill use, but at the same time, there is a loss
of value of the original materials. More embodied energy
and labor are saved when reusing precast elements, bricks,
stone panels, or steel members. Likewise, creating concrete
structures that will last for a long time and be adaptable may
be more regenerative than making lower-carbon concrete for
structures that will be torn down too early.

Finally, mineral-based materials will continue to play

an important role in the built environment due to their in-
trinsic strength, durability, fire resistance, thermal mass, and
their use in infrastructure applications!'®). Thus, the regener-
ation challenge is not the removal of mineral materials but
rather a change in how they are produced, specified, con-
sumed, preserved, and recovered. Low-carbon binders, recy-
cled aggregates, geopolymers, re-used metals, circular glass,
recycled plastics, taken with care, and earth-based materials
are all significant avenues. They rely on context-specific
evaluation, performance verification, circular design, and
moving away from linear material use toward durable, recov-
erable, and resource-positive building systems. The primary
low-carbon, recycled, and circular mineral-based material
types covered in this section are compared here, highlight-
ing their environmental benefits, practical challenges, and
suitability for the application (Table 3).

Table 3. Low-carbon, recycled, and circular mineral-based materials, including their conventional material substitutes, environmental

advantages, practical barriers, and best-fit applications.

Material or Technology

Conventional Material
Replaced or Reduced

Main Environmental
Advantage

Practical Barriers

Best-Fit Applications

Supplementary
cementitious materials

Portland cement clinker

Reduces clinker demand
and embodied CO:

Limited or declining
availability of fly ash and
slag; variable quality

Ready-mix concrete,
precast products, structural
concrete

Limestone calcined clay
cement

High-clinker cement

Uses relatively abundant
clay and limestone while
lowering cement carbon
intensity

Need for suitable clay
sources and production
infrastructure

General concrete, masonry
products, blended cements

Geopolymers and
alkali-activated binders

Portland cement binders

Lower clinker dependence
and potential use of
industrial by-products

Activator impacts,
feedstock variability, and
limited codes

Precast elements,
industrial floors, repair
materials, and
chemical-resistant
applications

Carbon-cured concrete

Conventional curing and
cement-intensive concrete

Stores CO: through
mineralization and may
improve early strength

CO:2 source, process
energy, scalability, carbon
accounting uncertainty

Precast blocks, pavers,
panels, and selected
structural elements

Recycled aggregate
concrete

Natural aggregate concrete

Reduces virgin aggregate
extraction and
construction-demolition
waste

Higher water absorption,
strength variability, and
contamination risks

Non-structural concrete,
pavements, and selected
structural concrete with
quality control

Reused steel members

Newly manufactured
structural steel

Preserves embodied
energy and avoids
remelting emissions

Certification, dimensional
mismatch, reuse logistics,
and liability

Structural frames,
warehouses, and adaptive
reuse projects

Recycled glass products

Virgin glass, aggregate,
and insulation materials

Diverts glass waste and
reduces raw material
demand

Sorting, coating
contamination, and
alkali-silica reaction in
concrete

Foam glass insulation,
tiles, fagade products, fine
glass powder in binders

Recycled plastic products

Virgin plastic, timber, and
some panel materials

Diverts plastic waste and
creates durable,
lightweight components

Microplastic risk, fire
behavior, and limited
recyclability after use

Decking, boards, panels,
formwork, non-structural
components

Earth-based materials

Fired bricks, concrete
blocks, and synthetic
finishes

Low processing energy,
local sourcing, thermal
mass, recyclability

Water sensitivity, code
barriers, and labor skill
requirements

Rammed earth walls,
compressed earth blocks,
clay plasters, and low-rise
buildings
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5. Emerging Green Construction
Technologies and System Integra-
tion

5.1. Additive Manufacturing and 3D-Printed
Construction

Additive manufacturing is seen as a transformative con-
struction technology, as it not only changes the way build-
ings are put together but also how materials are designed
and used!’?). In conventional construction, formwork, labor,
and a conservative approach to detailing can restrict material
use, leading to overuse, waste, and limited design flexibil-
ity. Three-dimensional printing allows for the layer-by-layer
deposition of cementitious, earthen, geopolymer, recycled,
or bio-based materials, and only deposits material where it
is structurally and/or functionally needed. This capability
can have a major impact on regenerative construction, as it
can be used to reduce formwork waste, optimize geometry,
minimize offcuts, and enable local production.

The green value of a 3D-printed building relies signif-
icantly on the building material. Despite the reduction in
construction waste, the carbon gains from additive manu-
facturing may be compromised if it relies on high-cement
mixtures, fast-setting admixtures, and high binder content.
Hence, the most promising alternative is digital fabrication
and formulation of low-carbon mixtures such as calcined
clay binders, geopolymers, recycled aggregates, earth-based
materials, and bio-derived additives. Earthen 3D printing is
especially appealing due to the potential use of soils readily
available in the area and the fact that it requires less energy
for binder use; however, there are still challenges with dura-
bility, water resistance, and code compliance!”!].

One significant technical challenge in 3D-printed con-
struction is the need to incorporate reinforcement into the
process. While concrete printing may generate complex wall
geometries, there are still many structural applications that re-
quire tensile reinforcement, anchorage, ductility, and strong
connections. Layer interfaces may also induce anisotropic
performance (strength in different directions depending on
print direction, bonding strength). Printability requirements,
including pumpability, buildability, open time, and extru-
sion stability, can compete with long-term durability or low-

carbon material requirements. The trade-offs highlight that

additive manufacturing is not the same as a construction

automation tool. It begins with digital design, material for-

mulation, structural optimization, and life-cycle assessment

working in synergy!7%l.

5.2. Prefabrication, Modular Construction,
and Industrialized Building Systems

Prefabrication and modular construction contribute to
regenerative building in several ways, including greater ef-
ficiency in materials use and construction quality, reduced
waste, and enhanced future adaptability”!]. Factory-based
production ensures better control of dimensions, moisture
exposure, curing conditions, and assembly tolerances than
site production. It can be of particular interest for bio-based
materials, mass timber systems, lightweight panels, recy-
cled steel modules, and high-performance envelope com-
ponents. Industrialized construction can minimize on-site
errors and material waste, thereby reducing embedded im-
pacts and maintenance risks.

Modular construction also contributes to circularity, as
its components can be designed for disassembly, transport,
repair, and reuse’!. A modular building can be retrofitted
to become regenerative, but opportunities do exist for re-
versible assemblies and material traceability. If components
such as volumetric modules, panelized fagades, prefabricated
timber elements, or service-integrated components are as-
sembled using readily accessible mechanical systems rather
than sealed or irreversible bonding, demolition waste can
be minimized. The key benefit of a modular system is its
regenerative value, particularly if the system is considered a
long-term material bank and not a product with a short life.

But there are pitfalls in industrialized construction, too.
While a degree of standardization may increase efficiency, ex-
cessive standardization could reduce adaptability to climatic
and cultural conditions, materials, and architectural require-
ments. Modular units can also require additional transport,
lifting, packing, and backup, which can offset the environ-
mental benefits of long or under-optimized supply chains.
Moreover, prefabricated systems are frequently based on
central manufacturing sites, which can limit opportunities
for local labor or create new industrial dependency . So,
besides speed and cost, the power of prefabrication to enable
circular design, local value creation, low-carbon logistics,

and long service life must also be considered.
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5.3. Smart, Adaptive, and Multifunctional Ma-
terials

Smart and multifunctional materials transform construc-
tion materials from passive to active, helping improve build-
ing performance’l. Examples of materials that can con-
trol energy, repair damage, reduce air pollution, or generate
energy include: phase-change materials, self-healing con-
crete, photocatalytic coatings, building-integrated PV sys-
tems, thermochromic surfaces, and humidity-buffering mate-
rials. These technologies align with the aims of regenerative
design, as they help lower operational energy demand, in-
crease service life, and enhance indoor environmental quality.

Phase change materials (PCMs) can absorb and release
heat as they melt and solidify, helping regulate building
temperatures and minimize heating or cooling demands ("3,
Their benefits are highest when the phase-change tempera-
ture is similar to the temperatures when a building is used
and to the local climate. The environmental value, however,
would rely on their encapsulation materials, long-term cy-
cling stability, fire safety, leakage prevention, and end-of-life
recovery. Likewise, the performance of an electrochromic
glazing in mitigating the solar heat gain and glare needs to be
considered, as do the embodied impacts, electronic control
systems, cost, and replacement requirements.

Another promising technology is self-healing concrete,
particularly for infrastructure and moist environments[74].
Healing mechanisms can be mineral admixtures, microcap-
sules, crystallization additives, or bacterial-induced calcium
carbonate precipitation. Self-healing systems can enhance
durability and minimize maintenance by sealing cracks and
limiting water ingress. However, the regenerative value will
depend on whether measurable life-extension benefits war-
rant the added materials, complexity, and costs.

Under proper light conditions, photocatalytic materi-
als can break down some air pollutants and keep surfaces
cleaner!3]. In the real world, however, they prove to be more
or less effective depending on pollutant levels, surface ex-
posure, weathering, and maintenance. A critical perspective
is required, as multifunctionality can sometimes be exag-
gerated at the product level and may not be realized at the
building or urban level. Smart materials should therefore be
evaluated by means of established field performance data,

not just lab-based indicators.

5.4. Nature-Based and Living Material Sys-
tems

Nature-based and living material systems are a more
extreme form of regenerative building, aiming to integrate
buildings with biological systems!'?l. These ecosystem ser-
vices include stormwater retention, urban cooling, support
for biodiversity, improved air quality, acoustic buffering, and
psychological benefits. These systems can participate in eco-
logical cycles, unlike traditional green materials, during the
building’s operation.

Vertical greening and green roofs are some of the most
advanced NbS technologies!’®l. They can be used to help
alleviate urban heat-island effects, delay stormwater runoff,
enhance roof membrane durability, and create habitat for
insects and birds. However, they depend on plant selection,
substrate depth, irrigation, maintenance, structural capacity,
and local climate. Unconstructed green systems can use up
too much water, may not withstand drought, and can be diffi-
cult to maintain. So, their contribution to regeneration should
be assessed based on their ecological functions, resilience,
and resource requirements, not just their greenness.

Bio-receptive materials are intended to facilitate con-
trolled colonization by mosses, lichens, algae, or other organ-
isms[?7]. These materials can create facades and city surfaces
that serve as interfaces supporting habitat. They are ques-
tioning the traditional construction thinking that biological
growth is always a problem. However, it is important to
make an accurate distinction between beneficial coloniza-
tion and harmful biodeterioration. Biological activity must
be used to strengthen, not weaken, surface porosity, pH,
moisture-holding capacity, structural protection, and mainte-
nance strategies.

Also under consideration are microbial-induced cal-
cium carbonate precipitation and biocementation!’”). Min-
eral precipitation, particle binding, crack sealing, and soil
stabilization are some actions these processes perform, using
microorganisms or enzymes. They can provide potential low-
energy options for repair, ground improvement, and material
formation. Yet there are issues concerning scalability, nutri-
ent supply, process control, ecological safety, and durability
that remain to be resolved. Living materials are therefore
promising but require strict distinctions between biological

performance and building safety and durability.
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5.5. Digital Technologies Supporting Regener-
ative Materials

To create connections between material innovation and
system-level regeneration, digital technologies are vital. All
of these tools—building information modeling (BIM), digi-
tal twins, artificial intelligence, robotic fabrication, material
passports, sensor networks, and blockchain documentation—
can enhance the selection, tracking, assembly, monitoring,
and recovery of materials!®. They are important because
they make material flows visible. Many circular strategies
are hard to implement without a good understanding of com-
position, location, condition, and ownership.

By integrating material quantities with embodied-
carbon databases and LCA tools, BIM can be helpful for
low-carbon design. This will enable designers to make com-
parisons of the various materials in the early design stages,
while there is the greatest opportunity to minimize impacts.
Digital twins further break this down by connecting physical
buildings to real-time performance data and facilitating pre-
dictive maintenance, adaptive operation, and better end-of-
life planning. This is significant in regenerative construction
because the material’s value is tied to its performance and
maintenance over time, as well as to its specifications at the
initial construction ('3,

Another important role of material passports is to record
the value of materials 8], They illustrate the product’s com-
position, environmental information, how to take it apart,
what can be done with it after use, and certifications. Pass-
ports can be used in conjunction with modular construction
and reversible connections to make buildings potential ma-
terial banks. But documentation using digital means alone
does not ensure circularity. Data and information should be
available for decades, not lost due to changes in ownership,
and should link to real markets for reused materials. More-
over, information systems should not be overly complex to
prevent them from being used by smaller companies or local
construction companies.

Al and computational design can optimize designs, min-
imize material use, and explore design options with minimal
impact. Robotic fabrication can enhance precision and create
customized components with reduced waste. However, there
are environmental costs associated with digital technologies,
such as energy consumption, hardware needs, data storage,

and e-waste. The regeneration value must, therefore, be as-

sessed based on measurable reductions in material demand,
emissions, waste, and maintenance rather than on the basis

of the technology’s sophistication alone!®].

5.6. Barriers to Implementation

There are technical, economic, regulatory, and cultural
barriers to the implementation of emerging green construc-

s[71. Technical challenges include limited

tion technologie
long-term durability data, the absence of standard testing,
uncertainty in fire and moisture performance, variable feed-
stock quality, and limited knowledge of the behavior of novel
materials in real building assemblies. At the same time, a
successful laboratory test may not necessarily result in relia-
bility in the field, especially when the materials are subject
to varying conditions of temperature, humidity, biological
activity, construction tolerances, and maintenance practices.

Financial constraints are also very important. Several
regenerative technologies have higher initial investment, lack
supply chain uniformity, involve small-scale manufacturing,
and have vagueness around insurance and warranties. Even
if there is the ability to save on the same product over its life,
the lowest up-front cost is often considered more important
than long-term performance. This results in a disadvantage to
materials with lower maintenance, operation energy, and/or
end-of-life waste but higher initial investment "],

Regulatory systems are also late to the game. Codes
are intended for safety and reliability, but can impose limita-
tions on the use of new materials when performance paths
aren’t clear. It can be costly to certify, test, and approve,
particularly for smaller manufacturers creating bio-based or
recycled products. Also, conservative industry culture slows
down adoption. When responsibility for failure is in dispute,
architects, engineers, contractors, insurers, and clients may
shy away from using novel materials!'!.

The second is the lack of an integrated assessment.
Technologies are frequently sold on their own, and systems
are required to regenerate. A smart material will require less
energy in operation, but will be more difficult to recycle.
Recycled composite can reduce waste, but may introduce
toxicity or pose subsequent disposal issues. A bio-based
panel may be able to store carbon yet fail in a wet envi-
ronment. These compromises involve a multidisciplinary
decision-making process in which materials science, archi-

tecture, engineering, ecology, economics, and policy must
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be considered 2],

5.7. Future Research Directions

Future work should include the transition from iso-
lated innovation to proven renewable systems. Long-term
field tests are urgently needed to evaluate durability, main-
tenance, fire responses, moisture, structural reliability, and
interior health effects under real climatic and occupancy con-
ditions[®!. In particular, this type of evidence is crucial for
mycelium composites, bio-receptive materials, living sys-
tems, recycled composites, earth-based printed structures,
and novel binders.

There’s also a need for more consistency and trans-
parency in life-cycle assessment methods!?°]. Comparative
studies must be clearly defined in terms of system boundaries,
the service life duration, assumptions regarding biogenic car-
bon accounting, replacement cycles, transport distances, and
end-of-life scenarios. Circularity, toxicity, biodiversity, wa-
ter use, resilience, and social value are metrics that should
be used alongside carbon metrics to evaluate regenerative
materials. We need a more comprehensive evaluation to pre-

vent the “passing the buck” effect between environmental

categories.

Additionally, research into hybrid systems rather than
single-material systems is needed. The emerging regenera-
tive building will most probably use mass timber, low-carbon
concrete, bio-insulation, recycled metals, digital passports,
modular assemblies, smart envelopes, and nature-based sys-
tems. It is more important to understand the interactions
among these components than to optimize each material in-
dividually. In the case of timber structures, for instance,
digital monitoring could be used to alert to moisture-related
risks, and, with modular design, low-carbon concrete or steel
components could be reused 2.

Policy and market research are also needed. Acceler-
ation of adoption can be achieved through public procure-
ment, carbon disclosure, re-use standards, insurance mech-
anisms, and performance-based codes[®!. Lessons learned
from demonstration projects should be transferable between
building types and climates through post-occupancy evalu-
ation and open data. The regenerative contributions, com-
patible materials, limitations, and future development needs
of the major emerging green construction technologies are

summarized in Table 4.

Table 4. Emerging green construction technologies and their roles in regenerative system integration, including additive manufacturing,
prefabrication, modular construction, smart materials, living systems, digital twins, material passports, and computational design.

Technology 2§§i:$§:;:§ Material Compatibility Main Limitations Future Direction
Reduces formwork waste, Lsgvgaﬁ(;?sczz:tr}? e, Reinforcement integration,  Develop printable
Additive enables optimized £copoty § high binder content, low-carbon mixtures and

manufacturing/3D printing

geometry, and supports
localized production

materials, recycled
mixtures, bio-based
binders

anisotropic strength, and
code uncertainty

verified structural design
methods.

Prefabrication

Improves quality control,
reduces site waste, and
shortens construction time

Mass timber, modular
steel, bio-based panels,
precast low-carbon
concrete

Transport impacts, design
rigidity, and centralized
production

Combine prefabrication
with local materials and
design for disassembly

Modular construction

Enables reuse, relocation,
repair, and adaptable
building layouts

Timber modules, steel
frames, hybrid assemblies,
service-integrated panels

Upfront coordination,
transport constraints, and
dimensional
standardization

Develop reusable, modular
systems with material
passports

Smart materials

Improve energy
performance, durability,
and adaptive comfort

Phase-change materials,
electrochromic glazing,
self-healing concrete,
photocatalytic coatings

Cost, maintenance,
uncertain field
performance, and
recycling complexity

Validate long-term
whole-life benefits through
monitored buildings

Living and bio-receptive
systems

Support biodiversity,
urban cooling, stormwater
control, and ecological
interaction.

Green roofs, living walls,
bio-receptive concrete,
microbial materials

Maintenance, water
demand, biological control,
and durability risks

Design climate-specific
living envelopes with
measurable ecosystem
services

Digital twins

Support performance
monitoring, predictive
maintenance, and
life-cycle optimization

All major material systems

Data management, cost,
interoperability, and
long-term accessibility

Link real-time building
data with material
condition and carbon
performance
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Table 4. Cont.

Technology

Regenerative
Contribution

Material Compatibility

Main Limitations

Future Direction

Material passports

Enable reuse, traceability,
circular procurement, and
material banking

Reusable steel, timber,
fagade systems, modular
components, recycled
products

Data standardization,
ownership, and market
integration

Establish interoperable
databases and legal
frameworks for reuse

Al and computational
design

Optimizes material use,
structural form, and
low-carbon design
alternatives

Structural systems,
fagades, printed
components, hybrid
assemblies

Data quality, transparency,
over-optimization, and
digital energy use

Integrate Al with LCA,
circularity metrics, and
constructability constraints

Overall, emerging green construction technologies of-
fer powerful tools for regenerative transformation, but their
value depends on integration. Additive manufacturing, mod-
ular construction, smart materials, living systems, and digital
platforms are not inherently regenerative. They become re-
generative when they reduce material demand, extend service
life, enable circularity, improve ecological function, support
human well-being, and operate within transparent whole-life

(301 The key challenge for the next

assessment frameworks
phase of research and practice is to connect technological
innovation with ecological intelligence, regulatory trust, and

scalable construction systems.

6. Conclusion

A shift towards a regenerative built environment means
a complete rethinking of construction materials as mere build-
ing inputs, and a reconsideration of them as active contribu-
tors to environmental restoration, circular resource use, and
long-term social value. This review has highlighted that
this transition can be realized in several ways through novel
green construction technologies: carbon storage, reduction
of embodied carbon, waste valorization, material circularity,
indoor environmental quality, and integration with living
ecological systems. But none of the materials or technolo-
gies can regenerate on their own. Careful coordination of
material sourcing, processing, performance, assembly, main-
tenance, adaptability, and end-of-life recovery is a key part
of regenerative construction.

There is potential in bio-based and carbon-storing ma-
terials, such as engineered timber, bamboo, hempcrete, straw,
cork, mycelium composites, algae-derived, cellulose, and
lignin-based materials, that can decrease reliance on fossil
and mineral resources, and store biogenic carbon. Their

value lies in the most effective use of sustainably managed

feedstocks, locally appropriate, durable and recoverable via
circular or biological pathways. However, they should be
used with care and consideration of the effects on the land,
fire resistance, moisture management, chemical treatment,
durability, and scalability. A product with a bio origin is not
automatically regenerative.

Low-carbon, recycled and circular mineral-based ma-
terials are still significant as concrete, metals, glass, earth
and mineral composites will continue to be used in many
structural and infrastructure applications. Low-clinker ce-
ments, limestone calcined clay cement, geopolymers, alkali-
activated binders, carbon-cured concrete, recycled aggre-
gates, reused steel, recycled glass and earth-based materials
could help to mitigate the embodied impacts and promote
the circular material flows. However, their effectiveness
relies on the availability and accessibility of their region’s
feedstocks, quality control, performance verification, and
whole-life carbon assessment. Recycled content and low-
carbon claims need to be judged on durability, processing
energy, transport energy, contamination risks, and future
recoverability, in particular.

New construction technologies like additive manufac-
turing, prefabrication, modular construction, smart materials,
living systems, digital twins, and material passports are the
system-level elements required to realise the regenerative
potential of green materials. These technologies can help
minimize waste, facilitate easy disassembly, improve con-
struction accuracy, streamline predictive maintenance, and
preserve the value of materials throughout the building’s life-
cycle. But they are not regeneratively produced. They are
benefits that are dependent on the measurable reduction of
resource demand, the extension of service life, the improve-
ment of ecological function and the support of the circular
recovery.

One of the key findings in this review is the need
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to move beyond one-parameter evaluation when selecting
materials for regeneration. Embodied carbon is necessary,
yet it cannot be the only factor considered in designing
durable, non-toxic, circular, environmentally friendly, re-
silient, affordable, locally capable, and healthy buildings and
spaces. Future work needs to therefore focus on harmonised
life-cycle assessment methodologies, long-term field perfor-
mance data, fire and moisture testing, implementing digi-
tal material traceability, developing scalable biofabrication
methods and establishing policy avenues to enable re-use and
low-carbon procurement. Finally, regenerative construction
will become an output of low-carbon, circular, adaptive, eco-
logically compatible and socially desirable material systems,
not just isolated green products.
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