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ABSTRACT: The building sector, including building operations and materials, was
responsible for the emission of ~11.9 gigatons of global energy-related CO, in 2020,
accounting for 37% of the total CO, emissions, the largest share among different sectors.
Lowering the carbon footprint of buildings requires the development of carbon-storage
materials as well as novel designs that could enable multifunctional components to achieve
widespread applications. Wood is one of the most abundant biomaterials on Earth and has
been used for construction historically. Recent research breakthroughs on advanced
engineered wood products epitomize this material’s tremendous yet largely untapped
potential for addressing global sustainability challenges. In this review, we explore recent
developments in chemically modified wood that will produce a new generation of
engineered wood products for building applications. Traditionally, engineered wood
products have primarily had a structural purpose, but this review broadens the classification

to encompass more aspects of building performance. We begin by providing multiscale design principles of wood products from a
computational point of view, followed by discussion of the chemical modifications and structural engineering methods used to
modify wood in terms of its mechanical, thermal, optical, and energy-related performance. Additionally, we explore life cycle
assessment and techno-economic analysis tools for guiding future research toward environmentally friendly and economically
feasible directions for engineered wood products. Finally, this review highlights the current challenges and perspectives on future
directions in this research field. By leveraging these new wood-based technologies and analysis tools for the fabrication of carbon-
storage materials, it is possible to design sustainable and carbon-negative buildings, which could have a significant impact on

mitigating climate change.
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Figure 1. Carbon impact of using wood for building applications. There are around 3 trillion trees on earth, which can give rise to the carbon impact of
—7.6 GtCO,e yr™! by estimation and alleviate the global warming issue. Modified wood products can not only be used as structural materials but also
for thermal management, light management, and energy conversion applications. Moreover, manufacturing, recyclability, LCA, and TEA should be
considered to meet the requirement within the context of building applications.
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1. INTRODUCTION

Climate change due to anthropogenic emissions of greenhouse
gases is posing a mounting threat to human welfare and the
health of the planet. Global CO, emissions total ~36 billion
metric tons every year, primarily from the burning of fossil fuels."
As a result, the global annual average temperature has risen by
over 0.7 °C between 1986—2016 in comparison to the period of
1901—1960.” Furthermore, petroleum-based materials are
nonrenewable, forcing the chemicals and materials industry to
pivot to renewable resources. Addressing these daunting
challenges toward a sustainable future requires immediate
action via the development and use of renewable materials with
low or even negative carbon footprints. Wood features
promising structural and functional properties with added
environmental benefits. As such, it provides a multifaceted
solution to sustainability challenges.

Trees are abundant and globally planted, with ~3 trillion trees
on Earth (equivalent to ~400 trees/person, Figure 1).” It is
estimated that 1.8 kg of CO, can be removed from the
atmosphere per kg of dry wood via photosynthesis.* Therefore,
both the Intergovernmental Panel on Climate Change (IPCC)
reports and Paris Agreement underscore the importance of
promoting forest conservation and enhancing forest carbon
stocks to realize net zero anthropogenic emissions.” Between
2001 and 2019, global forests annually absorbed ~15.6 billion
metric tons of CO, from the Earth’s atmosphere.” However,
deforestation, wildfires, and other disturbances emitted ~8.1
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billion metric tons of CO, each year.’ Improving the
performance of wood products to match or even outperform
traditional nonrenewable counterparts could promote the use of
renewable wood sources and improve forest management.'

In addition to the superior carbon sequestration capability,
wood is attractive for structural applications, as it has a unique
hierarchical structure made of ~40% cellulose embedded in a
matrix of hemicelluloses and lignin.” The cellulose elementary
fibrils in wood, with diameters of ~3 nm, exhibit outstanding
material properties for a broad range of applications,® for
example, demonstrating a tensile strength as high as 7.5 GPa in
the crystalline form, which is higher than most metals and
alloys.” However, conventional bottom-up approaches for
extracting cellulose fibrils from wood and other plant biomass
require significant energy, chemicals, and water, ultimately
challenging the sustainability of the material.'>'" Alternatively,
the top-down in situ modification of the natural wood structure
(e.g, selectively removing lignin and/or hemicelluloses by
chemical treatment) is a less energy and resource-intensive
process to transform natural wood into strong structural
materials. This approach can also open nanopores within the
cell walls and between the cellulose molecular chains while still
maintaining the overall anisotropic structure of wood, and such a
special structure enables a broad range of applications.
Therefore, the top-down engineering method makes it possible
to fabricate unique wood-based structures for a new class of
sustainable, advanced structural materials that feature excep-
tional properties, especially in terms of mechanical performance
for construction applications (Figure 1)."*"?

Historically, wood was one of the earliest structural materials
employed by humans and has remained a widely used,
biodegradable construction material, with annual consumption
increasing from 5.2 million metric tons in the 1950s to 6.4
million metric tons in the 1990s."* Currently, novel engineered
wood products continue to be developed and introduced into
the construction marketplace, spurred by the globally increasing
demand for sustainable and economical housing. Innovative
engineered wood products with superior performance make it
possible to build even high-rise buildings.'* For example, the 25-
story Ascent building, recently constructed in Milwaukee,
features 18 stories of mass timber framing on top of 7 stories
of a concrete parking structure, reaching a height of 86.56 m.
This ranks among the tallest mass timber structures in the world
and makes Ascent the tallest residential tower mostly
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constructed of wood. It is projected that the annual demand for
engineered wood products could reach >20 million metric tons
in 2030."

In this review, we discuss novel modified wood products for
construction applications along with ways modified wood can be
incorporated into engineered wood products for improved
performance. For clarity in this paper, an engineered wood
product (EWP) is defined as wood product that is manufactured
by gluing or fixing the strands, particles, fiber, veneers, or boards
of wood together. EWPs are fabricated and tested according to
approved national or international specifications or standards to
ensure durable, structural performance. With scaled-up
production, chemically and mechanically modified wood has
the potential to enhance performance, decrease costs, and
therefore boost economics. Besides economy, the eco benefits of
durable wood building products enable smaller carbon foot-
prints of construction and facilitate net negative carbon emission
objectives. Herein, we explore recent progress in the field of how
modified wood is used within the context of carbon storage in
buildings. Our fundamental understanding of the intrinsic
properties of wood is discussed to highlight examples of
multiscale structural design, processing, and applications.
Moreover, insights from modeling across multiscales are
covered to guide the optimization of new wood-based products
in terms of mechanics. Subsequently, we critically analyze
various chemical modification approaches to fabricating
modified wood by following the principles of green chemistry.
The resulting performance of modified wood in terms of
mechanical, thermal, optical, and electrochemical properties is
elaborated as well. We then discuss the carbon and environ-
mental impacts of engineered wood products based on life cycle
assessment (LCA) studies, especially recent development in
dynamic LCAs, which track temporal changes of carbon flows
associated with forest ecosystems and buildings. Furthermore,
we analyze the existing techno-economic analysis (TEA) of
engineering wood products and highlight the main factors
driving economic feasibility. Finally, current challenges and
future perspectives are discussed. We hope that this timely
review will not only provide a guideline to design advanced
wood products incorporating modified wood for building
applications but also promote more interest to build a
sustainable future.

2. MECHANICS OF MODIFIED WOOD: INSIGHTS
FROM MODELING ACROSS SCALES

In natural wood, cellulose, hemicelluloses, and lignin are the
three major building blocks. They play different roles in the
resulting mechanical properties of the wood. A cellulose
molecule is a linear chain of tens of thousands of anhydroglucose
units connected by f-1,4 glycosidic bond.'”'® The cellulose
elementary fibrils contain both crystalline and paracrystalline
regions. The crystalline region is conserved by stacked parallel
cellulose chains to each other and bound via inter- and
intrahydrogen bonding. In the paracrystalline region, abundant
twists and distortions exist in between cellulose chains that alter
the ordered arrangement. Failure of wood materials often
derives from the sliding of these molecular chains.'”'® Thus, the
length or the degree of polymerization of the cellulose chains
plays an important role in dictating the strength and toughness
of wood."” Hemicelluloses consist of numerous branched
polysaccharides."> Softwood is rich in galacto;lucomannans,
while hardwood mainly contains glucuronoxylan.”’ Lignin is one
of the three major components of wood, with a content of 15—
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30%, depending on the species. Lignin plays critical biological
and structural roles in plants. It is part of the plant defensive
system protecting against degradation by insects, pathogens, and
UV radiation. Lignin also provides the cell wall with hydro-
phobicity, preventing water permeation and thus helping wood
tissue to transport water, nutrients, and photosynthesis
products. In addition, lignin functions as a binder holding the
cells (fibers) together to form a strong and tough wood matrix.
These three roles of lignin confer to plant biomass strong
resistance against chemical and enzymatic degradation. Lignin is
an amorphous polymer composed of three building units
(guaiacyl, syringyl, and p-hydroxyphenyl).”' Syringyl units
dominate in hardwood lignin, while guaiacyl units in softwood
lignin.19’21’22 Furthermore, lignin is usually covalently bound
with hemicelluloses and forms lignin—carbohydrate com-
plexes.””~** It has been confirmed that there are eight different
types of lignin—carbohydrate (L—C) bonds, including benzyl
ether, benzyl ester, glycosidic or phenyl glycosidic, hemiacetal or
acetal linkages, and ferulate or diferulate esters that are linked to
lignin at 4-OH and 4-O positions.””*>*® The matrix of
intertwined hemicelluloses and lignin, namely lignin—carbohy-
drate complex (LCC), gives rise to the abundance of hydrogen
bonds and thus results in high adhesion energy with cellulose
microfibrils. Their synergistic interaction determines the
strength and stiffness of cell wall fibril.'**”=* Overall, the
isolated and collective mechanical behavior of these three
building blocks, as well as the interactions between them,
directly affect the mechanical properties of natural wood and
modified wood.

However, it remains a challenge to use experimental methods
to directly characterize and visualize the internal interaction in
the building blocks of wood materials, the evolution process of
bonding and failure within and in between the building blocks
under loading conditions, and the transition states between
original natural wood and modified wood that is chemically
treated, especially at small scales (e.g., the molecular- and
nanoscale). To this end, computational modeling is widely
utilized to resolve such a challenge. This section mainly
summarizes the research progress on understanding and
tailoring the mechanical properties of natural and engineered
wood through multiscale modeling (Figure 2): at the molecular
scale (by density functional theory (DFT) simulation), fibrillar
scale (by classic molecular dynamic (MD) simulation), micro-/
mesoscale (by coarse-grained (CG) MD simulation), and
macroscale (by finite element models (FEM)), with a special
focus on the interactions between the building blocks at such
scales.

2.1. Molecular Scale

This subsection focuses on the fundamental mechanisms that
govern the interactions in cellulose, hemicelluloses, and lignin at
the molecular scale, as revealed by DFT and MD simulations of
the basic units of these three building blocks of wood materials.
Hemicelluloses have been barely studied at the molecular
scale.’® Thus, this subsection will review mainly cellulose and
lignin.

Cellulose is the most abundant component in wood and forms
the main framework of the wood nanostructure. Thus, a better
understanding of the interaction and behaviors among its
building blocks (anhydroglucose units) is crucial in under-
standing the mechanical properties of modified wood. The
cellulose chains are mainly bonded together via hydrogen bonds
between the hydroxyl groups in neighboring glucose units. The

https://doi.org/10.1021/acs.chemrev.2c00450
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Figure 2. Hierarchical structure of natural and modified wood, and the
corresponding multiscale modeling strategies: at the molecular scale
(by density functional theory (DFT) simulations), fibrillar scale (by
classic molecular dynamic (MD) simulations), micro-/mesoscale (by
coarse-grained (CG) MD simulations), and macroscale (by finite
element models (FEM) simulations).

sliding failure process of a wood material nanostructure involves
a cascade of events of hydrogen bond formation, breaking, and
reformation in neighboring cellulose chains (Figure 3A), which
can be captured by the energy variation of the molecular
simulation model.*" For example, the decrease and increase of
energy correspond to the breaking and reformation of hydrogen
bonds, respectively. The peak of the energy curve indicates that
the hydrogen bonds are stretched to the maximum. Then these
hydrogen bonds break, as indicated by the drop in the energy.
But new hydrogen bonds can readily form when the new
hydroxyl groups come close to each other upon further sliding
deformation, as evidenced by the rise of the energy curve from a
local trough. Such a cascade of events of breaking and
reformation of the hydrogen bonds gives rise to the zigzag
profile of the energy curve, revealing a unique toughenin%
mechanism in modified wood and cellulose-based materials.*"*

Given the hydrophilic nature of cellulose and the polarity of
water molecules, water plays a crucial role in the bonding
between cellulose chains. Figure 3B shows the hydrogen bonds
along the cellulose interfaces without and with water
molecules.”” Water molecules increase the distance between
neighboring cellulose fibrils but facilitate the formation of
cellulose—water—cellulose hydrogen bonds. Even though the
single hydrogen bond between cellulose and water is weaker
than that between the cellulose chains, the significant increase in
the number of hydrogen bonds (cellulose—water—cellulose)
effectively enhances the bonding, as evidenced by the increased
index values of the average energy barriers in sliding (Figure
3C). As a result, the average strength of the newly formed
hydrogen bonds is 306% higher than that of the hydrogen bonds
in the structure without water (as indicated by the red and blue
dashed lines in Figure 3C).

Ion intercalation is another efficient method to enhance
intrinsic interaction between carboxylated cellulose molecules in
chemically treated engineered wood. Carboxylated cellulose
intercalated with monovalent ions is less stable than that with
divalent ions.>® However, Williams et al. found that the ion
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valency is not sufficient to explain the trends of the interaction
between carboxylated cellulose and metallic ions (Figure 3D).”’
In their DFT simulations, transition metal cations that
intercalate between carboxylated cellulose nanofibrils can form
coordination-covalent bonds with multiple carboxylate —COO~
groups on opposite fibrils, which is hard to form between the
other metallic ions and fibrils. This is mainly because of the
unfilled valence d orbitals in the transition metal elements. In
addition, Ca®>" can bond tightly with both —COO~ groups and
—OH groups of carboxylated cellulose chains (Figure 3E),**
which results in a much higher binding energy of the cross-linked
cellulose foam (Figure 3F). The higher binding energy endows a
cellulose-based composite foam with better stability and much
higher compressive strength. Such an enhancement effect is also
found in the gelation of cellulose solutions.*® In the process of
physical gelation, the cellulose chains self-associate with each
other and form a heterogeneous network with “thick” walls, as
shown in the sketch in Figure 3G. Chemical gelation can perturb
cellulose chain self-association and decrease the crystallinity of
cellulose (Figure 3H), as well as increase swelling in water and
forming a more porous structure,”” which results in better
toughness.

The main functional groups in three basic units of lignin
include methoxyl (—OCH,;), phenolic and aliphatic hydroxyl
(—OH), and carbonyl (—C=0) groups.40’41 Modifying the
interactions between these groups is shown to be effective to
enhance the mechanical stability of modified woods. Jeong et
al.*® proposed three possible binding sites of different alkaline
earth metals on the lignin units and obtained the associated
binding energy values (Figure 3I). They found that the metal
ions linked O (Cp) and O (methoxy), defined as Model 2 in
Figure 3I, has the highest binding energy of the complex
structure. The lignin intercalated with alkaline earth metals
forms the half-sandwich structure, which is difficult to
decompose and requires higher activation energy. These results
open the opportunities through introducing alkali and alkaline
earth metals to obtain a stable lignin-based structure.

2.2. Fibrillar Scale

Modeling at the fibrillar scale can be used to investigate the
dynamic evolution of the structures and analyze the interaction
among the fibers in modified wood. Modeling at this scale can be
implemented through the classic MD simulations to predict the
mechanical responses and underlying mechanisms that govern
the mechanical properties (e.g., strength and toughness) of
modified wood.

The tensile failure of natural and modified wood often
originates from the relative sliding between the aligned cellulose
fibrils in the wood (Figure 4A) 2 Cellulose fibrils are constituted
of crystalline cellulose chains, and the shearing interface often
occurs between the (110) crystal plane of one cellulose fibril and
the (110) crystal plane of another cellulose fibril (termed as
(110)—(110) interface). Therefore, it is important to under-
stand the sliding behavior of neighboring cellulose fibrils, in
particular, the shearing behavior on the (110)—(110) interface.
Figure 4A shows the evolution of hydrogen bonds along with the
(110)—(110) interface as a function of the shearing distance.
During continuous shearing at the (110)—(110) interface, the
—OH groups are alternatively aligned (locations 1 and 3 of insert
in Figure 4A) and misaligned (location 2 of insert in Figure 4A).
When the cellulose chains are aligned across the interface, it
corresponds to the local maximum number of hydrogen bonds
formed at the interface (locations 1 and 3 as in Figure 4A). When
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Figure 3. Internal interactions in cellulose, hemicellulose, and lignin in modified wood at the molecular scale. (A) Energy variation of cellulose
molecules as the function of the sliding displacement between cellulose molecules.’’ Reproduced with permission from ref 31. Copyright 2015 U.S.
National Academy of Sciences. (B) The hydrogen bonds along the cellulose interfaces without and with water molecules.”* Reproduced with
permission from ref 32. Copyright 2021 American Chemical Society. (C) The index values of the energy barriers in the process of sliding.**
Reproduced with permission from ref 32. Copyright 2021 American Chemical Society. (D) The interaction between metal cations and cellulose
chains.>® Reproduced with permission from ref 33. Copyright 2013 Elsevier. (E) Charge density differences of Ca>* ions-intercalated cellulose. The
yellow region represents the gain of electrons.”* Reproduced with permission from ref 34. Copyright 2022 American Chemical Society. (F) The
binding energy between cellulose and different metal ions.** Reproduced with permission from ref 34. Copyright 2022 American Chemical Society.
(G) The schematic of physical gelation formation in the cellulose solution.*® Reproduced with permission from ref 35. Copyright 2003 American
Chemical Society. (H) The schematic of chemical gelation formation in the cellulose solution.*® Reproduced with permission from ref 35. Copyright
2003 American Chemical Society. (I) Three possible binding sites of different alkaline earth metals on the lignin units.*® Reproduced with permission

from ref 36. Copyright 2020 American Chemical Society.

the cellulose chains become misaligned (from location 1 to 2), a and peak stress increase significantly with the increase in water
few original hydrogen bonds break and the left cellulose chains content. But the enhancement of the strength and toughness are
(inset in Figure 4A) begin to reform the new hydrogen bonds limited by a reasonable range. When the water content is larger
with the next cellulose on the right chains, resulting in a number than 3.75 H,0/nm?, the interfacial interaction is weakened by
decrease in the whole hydrogen bonds (location 2 of Figure 4A) the hydrogen bonds between water molecules, which results in
in the system. This dynamic variation in the number of hydrogen lower fracture energy. Recent experimental research successfully
bonds, corresponding to the continuous breaking and obtained strong and tough wood by a three-step process of
reformation of hydrogen bonds, aids in the resistance to failure. delignification, drying-induced assembly, and water molecules-
Water molecules can form hydrogen bonds with different induced hydrogen bonding under compression. The resulting
cellulose chains and influence the breaking and reformation wood has a densified structure with improved mechanical
behaviors of the hydrogen bonds in wood under mechanical properties (2.4 times increase in tensile strength, 2.7 times
loading. Thus, the water content in wood plays a crucial role in increase in Young’s modulus, and 1.4 times increase in density)

the shearing behaviors of the cellulose fibrils. When water in comparison with natural wood.*®
molecules were introduced at the interface of the cellulose fibrils To better understand the deformation mechanism of the
(Figure 4B), Young’s modulus of the cellulose nanocrystal-based shearing behavior of wood materials, Jin et al.** built a sandwich
hierarchical structure is almost a constant as the change of model of the wood cell wall with cellulose, hemicellulose, and
interfacial water content,”” which is due to the initial linear lignin (Figure 4C). The cellulose sheets form the bottom and
elastic stage of interlayer sliding. However, the fracture energy top layers, while the hemicellulose and lignin fill the gap in
1847 https://doi.org/10.1021/acs.chemrev.2c00450

Chem. Rev. 2023, 123, 18431888


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig3&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR

Figure 4. Mechanical response and enhancement of modified wood at the fibrillar scale. (A) Hydrogen bonds along with the (110)—(110) interface as
a function of the distance the fibrils have been sheared during simulation.** Reproduced with permission from ref 42. Copyright 2015 Elsevier. (B)
Summarized mechanical properties of the nanocellulose model with a (010) crystal plane as a function of the number of H,O molecules.’” Reproduced
with permission from ref 32. Copyright 2021 American Chemical Society. (C) The sandwich model of the wood cell wall with cellulose (outmost
layer), hemicellulose (secondary outer layer), and lignin (middle layer).* Reproduced with permission from ref 43. Copyright 2015 Elsevier. (D) A
representative stress—strain response of the sandwich model in Figure 3C.** Reproduced with permission from ref 43. Copyright 2015 Elsevier. (E)
Morphological derivation of elastic wood without and with 60 wt % water in the process of compression and release.** Reproduced with permission
from ref 44. Copyright 2020 American Chemical Society. (F) Normalized dimension of the models in (E) in the y-direction before compression, after
compression, and after the release of the compression.** Reproduced with permission from ref 44. Copyright 2020 American Chemical Society. (G)
Stress—strain curves of the nonstretched (—N) and stretched (—S) cellulose ribbons of CNF, CNF-g-PEG-13, and CNF—g—PEG-SS.45 Reproduced
with permission from ref 45. Copyright 2015 John Wiley and Sons.

Figure 5. Mechanical response of modified wood at micro-/mesoscale. (A) CG modeling of the cellulose nanocrystals.*” Reproduced with permission
from ref 47. Copyright 2020 Elsevier. (B) Representative shear stress—strain response of bulk CNCs for different densities and cohesive interaction.*”
Reproduced with permission from ref 47. Copyright 2020 Elsevier. (C) The deformation snapshots of a CG model of cellulose fiber network under a
tensile strain = 15%.** Reproduced with permission from ref 48. Copyright 2021 Springer. (D) Comparisons of the specific strength and stiffness of the
cellulose fiber network with varying fiber lengths.*® Reproduced with permission from ref 48. Copyright 2021 Springer. (E) Schematic morphology and
normalized fracture energy of cellulose films made of microfibers, nanofibers, and hybrid fibers.'” Reproduced with permission from ref 17. Copyright
2020 John Wiley and Sons. (F) Elastic modulus of a CG microfiber as a function of deflection distance.*” Reproduced with permission from ref 49.
Copyright 2015 American Chemical Society. (G) Stress—strain curves for different bundle sizes and twist angles.*® Reproduced with permission from
ref 50. Copyright 2019 MDPL

between. The stress—strain curves of the model under shear first plastic regime is dominated by the yielding of the matrix,
loading are illustrated in Figure 4D and can be divided into three and the second one is derived from the “self-healing” interface.
regimes: an initial elastic regime and two plastic regimes. The Additionally, the self-healing behavior in wood materials can
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Figure 6. Mechanical response of natural and modified wood at the macroscale. (A) Mechanical response of natural wood under shearing test. The
panels from left to right represent the shearing perpendicular to the fibers in the tangential plane and radial plane and along the fibers in the radial plane

and tangential plane, respectively. The bottom panel are responding to stress distribution at the elastic—plastic range of wood in the FEM simulation.

RN

Reproduced with permission from ref S5. Copyright 2021 MDPL. (B) Crack initiation and propagation of the engineered wood in the experimental test
and FEM simulations.”® Reproduced with permission from ref 56. Copyright 2018 Springer. (C) SEM and stress distribution of engineered wood
under folding.*” Reproduced with permission from ref 57. Copyright 2021 American Association for the Advancement of Science. Loading—unloading
curve of the natural wood (D) and wood-based gel (E).** Reproduced with permission from ref 44. Copyright 2020 American Chemical Society. (F) A
theoretical model can predict the stress—strain relation of cellulose-fiber-reinforced PAM hydrogels under uniaxial tension, which agrees well with
experimental results.’® Reproduced with permission from ref 58. Copyright 2020 Elsevier.

also be influenced by water molecules.** Chen et al. fabricated a
highly elastic wood via chemical treatment and freeze-drying.
This elastic wood can, after hydration, sustain a compressive
strain of up to 70% with negligible plastic deformation and a
small energy loss coeflicient. However, dehydrated elastic wood
cannot self-heal. To understand the mechanism of the self-
healing behavior, they constructed the fibrillar modeling of
wood framework with and without water, as shown in Figure 4E.
Subject to compression, the cellulose chains without water come
close and form new hydrogen bonds between one chain to
another chain. Water molecules in between the cellulose chains
can limit the formation of the new hydrogen bonds between the
cellulose chains and help to push the chains to their original
location. The two scenarios of the simulations elaborated for the
recovery behavior of the elastic wood are illustrated in Figures
4E,F.

Due to the hydroxyl groups on the surface of cellulose, CNFs
can also be modified by polymers, which results in stronger
cross-linking under loading. Tang et al.** prepared CNF grafted
with polyethylene glycol (CNF-g-PEG) from pulp fibers and
then tested their stress—strain curve under tension (Figure 4G).
The prestretched (—S) and nonstretched (—N) cellulose
ribbons were prepared by drying the stretched and nonstretched
hydrogel stripes of CNF-g-PEG nanofibrils. As shown in Figure
4G, the stretched cellulose ribbons have a higher strength as well
as a lower failure strain than the nonstretched ones, which is
because the stretched ribbons prevent the interfibrillar
debonding and slippage of nanofibrils. An increased grafted
amount of the PEG in the stretched CNFs leads to an increase in
the strength of the cellulose ribbons, which can be attributed to
the enhanced interfibrillar interaction. The above understanding
of the enhanced strength of cellulose ribbons made of polymer
grafted CNFs offers insight into guiding the design of engineered
wood with improved mechanical performance.
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2.3. Micro-/Mesoscale

The length of the cellulose fibers in wood materials is in the
range of several nanometers to several millimeters. The
superlarge scale and cross-scale simulations of these fibrils
make classic MD simulations prohibitive in terms of required
time and resources. Therefore, coarse-grained (CG) MD
simulations emerge as effective methods to solve the limitation
and reveal the mechanism of the interfibrillar interaction at the
micro-/mesoscale.””**

Li et al.*’” represented the cellulose nanocrystal (CNC) units
with the 36 chain as a CG bead (Figure SA) and calculated the
shear behavior of the bulk CNC random network (Figure SB).
The shear modulus and yield strength of the bulk system
increase as significantly as the increase of density and cohesive
energy between CNCs. However, such CG modeling is
restricted to the specific diameter of the fibrils. Recently, a
scalable CG scheme based on atomistic simulations*® was used
to model CNC where the mapping and interaction potentials are
scaled on three different levels (levels 1—3). The level 1 bead
represents 1 glucose unit, and then six level 1 beads are mapped
into one level 2 bead. Subsequently, seven level 2 chains form
one level 3 bead. Random networks of cellulose fibers made of
level 3 CG beads are constructed to analyze their mechanical
response and failure behavior. When a uniaxial tension is
applied, the randomly oriented cellulose fibers start to slide apart
from each other. As the tensile strain increases, cracks initiate at
the edges and result in stress concentration and localized
deformation (Figure SC,D). The specific strength of the
network increases as the cellulose fiber length increases. It
means that longer cellulose fibers can resist more tensile
deformation as higher energy is required to cause the failure of
the random network of cellulose fibers. The CG modeling is also
applied to understand the mechanical behaviors of cellulose
films (Figure SE).'” It shows that the fracture energy of a
cellulose film made of nanofibers is 17 times higher than that of a
cellulose film made of microfibers. The film made of microfiber
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Figure 7. Chemial modifications of wood. (A) Modification methods, (B) delignification mechanisms, and (C) surface modification methods.

and nanofiber hybrids is shown to have even higher fracture
energy, which can be attributed to the increased sliding distance
among the fibers.

CG modeling parametrized by the MARTINI force field is
also widely used in the analysis of the mechanical bending and
twisting of the cellulose microfibers. Even though the modeling
is limited to microscale, the MARTINI CG modeling sustains
more interaction information among cellulose microfibers due
to the parametrization based on the functional groups in
cellulose. Experimentally, atomic force microscopy and Raman
spectroscopy measurements are widely used techniques to
measure the bending stiffness of cellulose fibers with various
diameters. The measuring scales are in the range of micro-
fibrillated cellulose sheets to cellulose macrofibers, with the
measured bending stiffness ranging from 29 to 150 GPa’'"% A
cellulose fibril with a smaller scale might likely have a lower
bending stiffness, but these existing experimental measurements
become unrealistic at such a small scale. Lopez et al. use the
MARTINI CG modeling to obtain the elastic modulus of a 36-
chain cellulose fibril, as shown in Figure SF . External bending
forces are loaded on one side of the cellulose microfiber, and the
bending stiffness is estimated to be around 10 GPa. The results
from the CG modeling verify the speculation and suggests a
feasible method to measure the bending stiffness of ultrafine
cellulose fibers. To extend the research of individual CNCs and
CNC—CNC interfacial properties, Shishehbor and Zavattieri™*
developed the MARTINI CG modeling and found that the
elastic modulus of the CNC bundle increases but the toughness
decreases with the increase of the cohesive (interfacial)
interactions between the CNCs. Based on the developed
MARTINI CG modeling, Ramezani’’ investigated the effects of
the bundle size and the twist on the mechanical response for
bundles of CNCs (Figure SG). The increase in bundle size and
twist angle leads to the increase in hydrogen bonds breaking
among the outer fibers, thus decreasing the strength and failure
strain of the CNCs.

2.4. Macroscale

Products made of natural wood and engineered wood are often
of sizes of centimeters to meters. To understand the mechanical
response of such wood products at the macroscale, continuum
scale models, such as FEM, and phenomenological constitutive
models, are often used to predict the stress distribution
(especially the region of stress concentration) and reveal the
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possible failure mode of these products under various types of
mechanical loading, which, in turn, can be used to design wood
structures.

The mechanical response of wood materials depends strongly
on the loading direction, given the anisotropic nature of wood.
Figure 6A shows the experimental shear tests of wood in
different directions compared with the stress distribution in the
FEM models.”> FEM models present the stress distribution in
the wood samples. Additionally, FEM is used to analyze the
crack initiation and propagation in wood materials. Figure 6B
compares the crack growth in a wood sample with a rectangular
notch under three-point bending measured by an experimental
test (upper panel) and predicted by FEM (bottom panel).*®
FEM can accurately predict the stress distribution and failure
behavior of the wood samples. FEM is also used to understand
the stress distribution in engineered wood under severe folding
(Figure 6C), which offers critical insight into designing highly
moldable wood.>”

Besides, FEM simulations are also used to analyze the
mechanical response of wood-based composites. Parts D and E
of Figure 6 illustrate the stress—strain curves of a wood material
and a wood-based gel during a compressive loading and
unloading process, respectively.** The wood framework without
water is easy to buckle severely under compressive loading,
which leads to partial failure of the framework. Upon unloading,
only a small fraction of the compressive strain (~10%) can be
recovered. By contrast, the wood-based gel can sustain severe
compressive loading (>60%) without fracture, largely resulting
from the hyperelastic nature of the structure due to the water
contained inside the wood channels. Upon unloading, the wood-
based gel can fully recover its original shape. Figure 6F presents
the comparison of the experimental test and the prediction of a
constitutive model of microfiber reinforced anisotropic hydro-
gels on the wood-based polyacrylamide (PAM) hydrogels under
uniaxial tension, suggesting a reasonable agreement with each
other.>® Such a constitutive model can be further implemented
into FEM (e.g, via a user subroutine to define material
properties), so that the mechanical response of wood-based
hydrogels of any other dimensions and geometries can be readily
studied.
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3. CHEMICAL MODIFICATIONS FOR ADVANCED AND
FUNCTIONALIZED WOOD PRODUCTS

Wood modification aims to overcome one or more disadvan-
tages or weaknesses of native wood by altering wood’s chemical
and physical structures and properties. The wood’s mechanical
strength, dimensional stability, biodegradation resistivity,
optical transparency, and other properties can be substantially
improved through physical and chemical modifications.
Chemical modification of wood includes, but is not limited to,
selectively removing wood components (such as lignin and/or
hemicelluloses), changing chemical structures of wood
components, or introducing new functional groups. Based on
their objectives, the important chemical modification methods
are summarized in Figure 7A.

3.1. Delignification

Lignin is an aromatic polymer biosynthesized from three
precursors (p-coumaryl, coniferyl, and sinapyl alcohols) by
radical coupling. The radical coupling results in diverse linkages
between the building units and a complex structure of lignin.
The three building units are primarily linked by C-O-C (ether)
bonds and C—C (carbon to carbon) bonds. The arylglycerol-f-
aryl ether (-0-4) bond is the most abundant (50—80%) linkage
in native lignin. Other ether bonds include arylglycerol-a-aryl
ether (a-0-4), diaryl ether (5-O-4), and resinol ether (a-O-y)
linkages. The primary C—C linkages in lignin are phenyl-
coumaran (f-5), biphenyl (5—5), 1,2-diarylpropane (-1), and
resinol (f—pf3).

Delignification is an operation to selectively remove or
separate lignin from wood via depolymerization followed by
dissolution and can be accomplished using different chemicals at
an elevated temperature. Depolymerization of lignin entirely
depends on the cleavage of ether linkages, whereas the carbon-
to-carbon linkages are essentially stable. Among the ether
linkages, only the cleavage of B-O-4 linkage can lead to
depolymerization of lignin, as other ether linkages are either
not directly linking lignin building units or are less abundant. It
should be noted that condensation reactions (formation of new
carbon-to-carbon linkages, or repolymerization) occur in most
delignification processes, retarding lignin removal.

Delignification chemistry and processes have been well-
established in the paper industry for chemical pulping and in the
biorefining research for chemical fractionation/pretreatment to
remove lignin-induced recalcitrance to enzymatic hydrolysis of
cellulose. Depending on the chemicals used, delignification can
be classified into alkali, sulfite, and solvent processes.

In alkali delignification, bases (e.g, NaOH) are used to
depolymerize lignin. As shown in Figure 7B (1), hydroxyl ion
(OH") cleaves 5-O-4 in nonphenolic structures via an oxirane
intermediate. However, because OH™ is a weak nucleophile, this
reaction is slow and cannot extensively depolymerize lignin.
Therefore, “soda pulping” (NaOH alone) is less effective for
wood, especially for softwood. The addition of Na,S in kraft
(NaOH + Na,S) pulping can significantly catalyze lignin
depolymerization. Because of its strong nucleophilicity, SH™
can effectively cleave $-O-4 in phenolic structures by the
mechanism shown in Figure 7B (2) via a quinone methide
intermediate. For this reason, the kraft process has dominated
wood chemical pulping in the paper industry. Anthraquinone is
an alternative sulfur-free catalyst for soda pulping, but it is less
effective than Na,S. Oxygen is another efficient and sulfur-free
reagent for delignification under alkali conditions. However, this
system is quite unselective. Oxygen attacks not only lignin but
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also cellulose. Other ether linkages (e.g., @-O-4) can be cleaved
too under alkaline conditions, but it does not directly lead to
significant depolymerization of lignin. However, the formation
of phenolic hydroxyl groups from the @-O-4 cleavage promotes
the cleavage of #-O-4 by HS™ (Figure 7B (2)) and increases the
hydrophilicity and thereby the solubility of lignin in alkaline
solutions.

In sulfite processes, sulfite is used to remove lignin from wood.
Sulfite delignification can be conducted in a wide range of pH
from acidic to alkaline range. Different from that in alkaline
processes, the delignification in sulfite processes is mainly
attributed to the enhanced solubility due to lignin sulfonation at
the a position to result in lignosulfonate, as shown in Figure 7B
(3). The f-O-4 linkages are not significantly cleaved in low-pH
sulfite processes, although the acid-induced f-O-4 cleavage
shown in Figure 7B (4) could occur. The 8-O-4 linkages can be
cleaved in neutral and alkaline sulfite processes via the quinone
methide intermediate, but it is insignificant and not the key
cause of the delignification. As a result, lignosulfonate usually has
alower content of phenolic hydroxyl (due to limited cleavage of
p-O-4 linkages) and higher molecular weight (because of
insufficient depolymerization) than alkali lignin (such as kraft
lignin).

In solvent-based processes, lignin is depolymerized and then
dissolved in a solvent, such as organic solvents (ethanol,
methanol, acetone, formic acid, acetic acid, y-valerolactone
(GVL), tetrahydrofuran (THF)),**~** jonic liquids (IL),°>
deep eutectic solvents (DES),*”*® and acid hydrotropes.””~""
Acid is usually used as a catalyst in most solvent-based processes.
As shown in Figure 7B (4), the cleavage of #-O-4 linkages by acid
is initiated by the protonation of benzyl alcohol, and the
following dehydration generates an a-carbocation intermediate.
The a-carbocation is then transformed to #-carbocation, and the
hydrolysis of the latter leads to the cleavage of -O-4 linkage,
generating Hibbert’s ketone and guaiacol moiety. It should be
noted that the reactive a-carbocation intermediate can attack
the electron-rich positions on benzene rings of lignin and lead to
intramolecular and intermolecular condensation. This is the
reason why the lignin from acidic processes usually contains
more C—C linkages (condensed).

Chlorite is another effective delignification reagent. Under
acidic conditions, chlorite can selectively destruct lignin without
significantly affecting cellulose and hemicelluloses. Therefore, it
has been frequently used at the laboratory scale for the selective
removal of lignin to bleach wood or pulp. However, due to the
cost and environmental concerns, chlorite is not feasible for
wood delignification on a large, industrial scale.

Size reduction of wood to chips (or smaller) is usually a
prerequisite in chemical pulping and pretreatment to promote
mass and heat transfer during wood delignification. The
delignification leads to wood fiberization (destruction of the
wood cell wall into individual fibers). The fiberization, however,
is not desired for many engineered wood products (such as
superwood,”” transparent wood”*), which need to maintain the
continuous cellular structure and fiber orientation of original
wood for enhanced structural strength and stiffness. Alternative
delignification processes for these special-performance applica-
tions are necessary to avoid breaking the inherent wood
structure of continuous fibers but selectively remove lignin to
increase the bonding of cellulose fibers, remove the lignin-
induced color, and improve optical stability, or simply create
pores for a porous structure. Therefore, delignification of wood
blocks and panels is different from traditional wood pulping or
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pretreatment using wood chips because the much larger physical
dimensions of wood panels or boards require an extensive
predelignification impregnation process, and the requirement to
keep the physical integrity of wood for structural materials can
be challenging.””">"*

3.2. Removal of Hemicelluloses

Hemicelluloses are another major component of lignocellulosic
materials (20—40%), and they are a group of heterogeneous
polysaccharides composed of multiple sugar units. The sugar
units and the structures of hemicelluloses vary greatly among
plant species. For example, in grasses and hardwood, O-acetyl-4-
O-methylglucurono-b-xylan (glucuronoxylan or simply xylan) is
the principal hemicellulose structure, in which the $-1,4 linked
D-xylopyranose units form the backbone with the branches of 4-
O-methyl-p-glucopyranosyluronic acid a-1,2-linked to xylose
units and the acetyl group linked to xylose units at C2 or C3.
Hemicelluloses in softwood are predominately galactogluco-
mannans with a small amount of arabinoglucuronoxylan. The
former has the backbone of $-1,4 linked p-glucopyranose and p-
mannopyranose units with the side chains of a-1,6 linked p-
galactopyranose unit and acetyl group attached to the backbone
at C2 or C3 of the p-glucopyranose and p-mannopyranose unit.

Hemicelluloses can be separated and removed from wood
using different chemicals and processes.”>~"” The most effective
method is to hydrolyze and dissolve hemicelluloses using an
acid. The acetyl groups on hemicelluloses are easily cleaved
under hydrothermal conditions and released as acetic acid,
which can catalyze the hydrolysis of hemicelluloses. In addition,
hemicelluloses can be simultaneously dissolved and/or hydro-
lyzed during wood delignification processes. Removing hemi-
celluloses is required or beneficial in many cases, such as
dissolving pulp production and biomass pretreatment.”® The
removal of hemicelluloses is also beneficial or desired when
producing engineered wood products. For example, dissolving
hemicelluloses contributed to the formation of the porous
structure of highly porous wood or aerogel materials.””*" Partial
removal of hemicelluloses also played an important role when
preparing ultrastrong densified wood.””

3.3. Bleaching

The color of wood due to the absorbance of visible light is
mainly from lignin, attributed to the chromophoric structures
and groups (such as benzene ring, quinonoid, vinyl, phenolic
hydroxyl, and carbonyl groups) in lignin. These chromophoric
units can form comprehensive conjugated systems (such as
coniferaldehyde structures, ortho-and para-quinonoid units, and
quinone methide intermediates) to result in a darker color. In
addition, chemical treatment of wood (e.g., delignification) can
lead to the formation of new chromophores from both lignin
depolymerization and lignin condensation reactions.

There are two strategies to remove the color and increase the
whiteness of wood or wood products: removing lignin and
bleaching (decoloring) lignin. In the lignin-removing strategy,
strong chemicals, such as chlorine-containing chemicals
(chlorine, hypochlorite, and chlorine dioxide) and oxidants
(oxygen, ozone, and peroxide), are used to completely destruct
and dissolve lignin. In lignin-bleaching methods, moderate
reductive (hydrosulfite) or oxidative (hydrogen peroxide)
chemicals are commonly used to alter or remove the
chromophoric groups and systems of lignin, selectively
decoloring (bleaching) lignin while retaining its macrostructure.
These strategies have been practiced in the paper industry for
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chemical pulps and high-yield (lignin-retaining) pulps (such as
mechanical and chemimechanical pulps), respectively.

These chemicals and technologies have been used for
bleaching wood blocks and panels when preparing advanced
wood products. For example, in the study of preparing
transparent wood composite,”* wood block was first delignified
using NaOH and Na,SO; and then bleached using H,0, to
completely remove residual lignin. In another study, the wood
block was delignified and bleached using acidic chlorite before
epoxy infiltration to fabricate aesthetic transparent wood.* In
addition to removing lignin, a lignin-bleaching strategy was used
to prepare transparent wood.*” Lignin in the wood panel was
bleached using H,O,, which did not significantly remove lignin
but decolored the lignin by breaking the chromophoric groups
and structures of the lignin. After epoxy infiltration, the obtained
transparent wood composite had a high transmittance (>90%)
and high haze (>60%).

Recently, a so-called solvent-controlled encapsulation (SCE)
method was reported that can permanently whiten lignin and
convert brown lignin into a white powder.** In a mixture of
water, ethanol, and/or acetone, a nonchromophoric group was
introduced into lignin by a condensation reaction between lignin
hydroxy groups and an isocyanate. By carefully controlling the
polarity (ratio of water to ethanol/acetone) of the solvent, the
isocyanate-modified lignin forms spheric nanoparticles in which
chromophoric lignin is encapsulated within the particle core,
while the nonchromophoric groups introduced by the
isocyanate are located on the surface of the particles. The
whitened lignin can be cast into a transparent film and used as a
colorless adhesive or filler in composite materials.

3.4. Surface Modification

Wood surface modification can improve the binding strength,
optical properties, performance, stability, hydrophobicity,
reactivity, and other properties of wood. Chemical modifications
are conducted almost exclusively via the reactions of hydroxyl
groups of cellulose, hemicelluloses, or lignin, such as
esterification, etherification, oxidation, silylation, cross-linking,
and grafting,85 as summarized in Figure 7C.

Esterification is accomplished by the reaction between
hydroxyl groups and inorganic or organic acids (or anhydrides).
The most important inorganic ester of cellulose is cellulose
nitrate, prepared with a mixture of nitric acid and sulfuric acid,
which can be used for explosives and plastics, depending on the
degree of substitution. Many organic acid anhydrides (linear and
cyclic) have been used for wood esterification. The acetylation
of wood with acetic anhydride is the most extensively studied
approach. Acetylation can confer wood unique properties, such
as solubility in organic solvents, plasticity, hydrophobicity,
dimensional and biological stability, and compatibility in
polymeric composites.s(’

Etherification can be conducted by treating cellulose or wood
with the reagents like alkyl/aryl halides and alkene oxides.®”
Most important cellulose ethers include methylcellulose,
ethylcellulose, carboxymethylcellulose, hydroxyethylcellulose,
and cyanoethylcellulose, and they have been used in many
areas.”® Wood etherification has been used to improve its
interface compatibility in wood plastic composites.®

Silylation of hydroxyl groups of cellulose and wood by
chlorosilanes, silazanes, and other silylation agents can
dramatically change their surface properties, such as compati-
bility, thermal and oxidative stability, hydrophobicity, and
permeability.go_94 For example, silane coupling agents have
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Figure 8. (A) Schematic of the processing of densified wood (super wood), which is comprised of aligned cellulose nanofibers with reinforced
hydrogen bonds.”* Reproduced with permission from ref 72. Copyright 2018 Springer Nature. (B) Photographs and SEM images of the natural and
densified wood samples in the direction perpendicular to the tree growth.”* Reproduced with permission from ref 72. Copyright 2018 Springer Nature.
(C) Comparison of specific strength between densified wood and typical structural materials.”> Reproduced with permission from ref 72. Copyright
2018 Springer Nature. (D) Schematic representation demonstrating the working principle of the self-formed wood char layer of densified wood for fire
resistance.'* Reproduced with permission from ref 115. Copyright 2019 John Wiley and Sons. (E) SEM image of the densified wood after
combustion. Reproduced with permission from ref 115. Copyright 2019 John Wiley and Sons. (F) The compressive strength of densified wood is
higher than natural wood, and the maximum heat release rate of the densified wood is significantly lower than natural wood. Reproduced with

permission from ref 115. Copyright 2019 John Wiley and Sons.

been widely used for cellulose surface modification. Silane
coupling agents have dual reactivity. At one end, they have an
alkoxyl silane group capable of reacting with a hydroxyl-rich
surface (such as cellulose), and at the other end, they can have a
large number of functional groups which can be tailored. Silane
coupling agents were used to introduce new functional groups
onto polymers’” and cellulose.”*™"*

Oxidation can introduce carboxyl and carbonyl groups to
cellulose and wood. For example, the oxidation of primary
hydroxyl groups at C6 by TEMPO, persulfate, and other
oxidants has been used to produce cellulose nanocrystals and
nanofibers because the surface charge induced by the carboxylic
groups facilitates the dispersion of the cellulose nano-
particles.”” "> Periodate oxidation is a unique reaction to
produce dialdehyde cellulose (DAC). Periodate can regiose-
lectively oxidize the vicinal hydroxyl groups at C2 and C3 in
anhydroglucose units of cellulose into two aldehyde groups.'”®
The aldehyde groups in DAC can be further oxidized to acids or
converted to the Schiff base (imine) by reacting with an amine to
synthesize functionalized cellulose derivatives.'**'*°
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Chemical cross-linking is an effective way to improve the
strength and dimensional stability of structural cellulose and
wood products. The cross-linking creates bridge linkages
between molecules of cellulose, hemicelluloses, and lignin via
the reactions between hydroxyl groups and cross-linking
reagents such as maleic anhydride, diacid, epoxy resin,
isocyanate, and silane.'°*~'%® Cross-linking is also an important
strategy to fabricate cellulose and hemicellulose hydrogels. For
example, citric acid, dialdehyde, diisocyanate, divinyl sulfone,
epichlorohydrin, and glutaraldehyde have been used to cross-
link cellulose in hydrogel preparation.'*”""

Grafting is an approach to grafting polymers onto cellulose
and wood, which provides or improves the properties such as
dimensional stability, resistance to abrasion and wear, wrinkle
recovery, oil and water repellence, elasticity, ion exchange
capabilities, temperature responsiveness, thermal resistance, and
resistance to microbiological attack. The grafting can be
accomplished by free radical polymerization, ionic and ring-
opening polymerization, and living radical polymerization via
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Figure 9. (A) Conventional methods to fabricate complex wood shapes and structures. (B) Schematic of the processing of 3D wood by the cell wall
engineering strategy.”” Reproduced with permission from ref 57. Copyright 2021 American Association for the Advancement of Science. (C) SEM
image of the natural wood, shrunken wood, and moldable wood samples in the direction perpendicular to the tree growth. Reproduced with permission
from ref 57. Copyright 2021 American Association for the Advancement of Science. (D,E) Photograph of the 3D-molded wood honeycomb core
material and helical structured wood. Reproduced with permission from ref 57. Copyright 2021 American Association for the Advancement of Science.
(F,G) Mechanical properties of the natural wood and 3D-molded wood. Reproduced with permission from ref 57. Copyright 2021 American

Association for the Advancement of Science.

the approaches of grafting-to, grafting-from, and grafting-
through cellulose. 1

3.5. Chemical Recovery

Chemical recovery and waste treatment are very important
considerations in using chemicals for wood modification to
develop engineered wood products. When using low dosages of
low-cost chemicals, chemical recovery may not be necessary, but
the waste streams (solids and liquid) containing the chemicals
need to be treated for discharge or reuse. For example, bleaching
chemicals are not recovered in commercial pulp mill operations.
Depending on the chemicals used, the waste streams are treated
with various technologies to meet chemical oxygen and
biological oxygen demands to minimize environmental impact.
On the other hand, chemical recovery is necessary when
chemical dosages for wood processing are relatively high.
Conventional alkaline chemical recovery is a mature commercial
process and has been in industry operation for more than 80
years, however, involves expensive capital investment. Sulfite
chemical recovery is relatively difficult. Only when expensive
magnesium is used as the base in sulfite pulping, complete
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chemical recovery is possible. Because chemical recovery is the
make or break of any chemical process, it should be a critical
consideration in choosing or developing a new wood chemical
modification process. Another issue that is also important to
biorefinery is the utilization of removed lignin and hemi-
celluloses which can improve process economics. There have
been plenty of reviews on the subject but with limited
commercial success.'"”

4. MODIFIED WOOD MATERIALS FOR ENHANCED
EWPS

4.1. Ultra-Strong Densified Wood

The manufacturing of construction materials alone gave rise to
3.2 gigatons of CO, in 2020, accounting for 10% of total CO,
emissions among all sectors.''* Therefore, it is urgent to develop
carbon-negative materials to nullify embodied greenhouse gas
emissions, meanwhile transforming buildings into net carbon
storage structures on a life cycle basis. The mechanical strength
of structural materials is of primary importance to achieving
widespread implementation in building applications. Metals,
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such as steel, are ubiquitously used in structural applications due
to their high magnitude and consistent mechanical strength,
stiffness, ductility properties, and processability into various
shapes and sizes. However, there have been increasing calls for
the development of more sustainable materials as metal
processing and fabrication are energy intensive. Wood, as a
renewable structural material, is mechanically strong, light-
weight, and could be a sustainable alternative to metals. The
mechanical properties of wood vary widely due to its natural
origin. And the density of wood, varying with species, correlates
well with its strength. Despite the abundance, renewability, and
sustainability, the mechanical performance of natural wood
cannot compete with steel, which has been used for diverse and
advanced applications as structural materials.

By reducing the pores and voids between cell walls, the
densification of wood has been demonstrated as an efficient
approach to optimizing the mechanical strength of low-density
wood."'* Nevertheless, most of the reported densification
procedures rely on pretreatment using steam, heat, ammonia, or
cold rolling, leading to incomplete densification and dimen-
sional instability, especially in some harsh environments."''* In
2018, Hu et al. reported a facile yet effective top-down approach
that can directly process natural wood into an ultrastrong
structural material with exceptional mechanical properties
(Figure 8A).”* Distinguished from conventional densification
methods, the pretreatment of partial delignification, removing
partial lignin and hemicelluloses, makes it possible to fully
densify the natural wood structure with an approximately 80%
reduction in thickness (Figure 8B). The porous natural wood
structure contains lumina with tubular channels along the wood
growth direction (Figure 8B); in contrast, the densified wood is
mainly composed of fully collapsed wood cell walls, which are
closely intertwined and densely packed (Figure 8B). In such a
unique microstructure of densified wood, the cellulose nano-
fibers are highly oriented, akin to natural wood, but much more
tightly packed, giving rise to remarkably enhanced hydrogen
bonding between neighboring nanofibers. On the other hand,
the highly densified wood with minimized vessels and pits can
effectively alleviate the adverse influence of such defects on the
mechanical strength. Residual lignin in the delignified wood also
plays a key role, as a binder, in enhancing the mechanical
performance. The demonstrated tensile strength can reach 587
MPa for densified wood, a more than 10-fold increase in
comparison with natural wood, which also exceeds many metal-
based structural materials (Figure 8C).”>

Fire resistance is another important consideration for EWPs,
as natural wood is combustible. The fire-retardant properties of
densified wood can be remarkably improved owing to the
eliminated space between cell walls to block the infiltration of
oxygen and reduce the transport of heat (Figure 8D).'"
Moreover, it is noteworthy that a dense and insulating layer of
wood char can be generated on the surface, further inhibiting the
diffusion of oxygen and heat (Figure 8E). Considering these
synergistic effects, a 2.08-fold increase in the ignition time can be
achieved experimentally, as well as a 34.6% decrease in the
maximum heat release rate versus natural wood (Figure 8F),
paving a new path toward the fire-resistant and mechanically
strong structural EWPs that incorporate densified wood.

4.2. 3D Moldable Wood
Wood is primarily fabricated as rectangular boards or flat sheets,

which need further manufacturing to be utilized where more
complex shapes are required. Several methods have been

1855

adopted to fabricate wood into various desired shapes. For
instance, steam bending or chemical impregnation has been
used, followed by clamping in a mold and drying to fix the form
(Figure 9A);''® in traditional wine barrel manufacturing, each
barrel is warmed over an open fire to bend the staves into the
desired shape without breaking the wood followed by a toasting
process (Figure 9A). Alternatively, adhesive bonding of timber
sections, namely, wood chips, flakes, veneer, and other elements,
has also been adopted to fabricate larger and more complex
structural sections (Figure 9A). These engineering approaches,
based on the modifications at a bulk scale, do not change the
intrinsic microstructure/properties of wood and rely primarily
on adhesive bonding to enhance mechanical properties. While
adhesive polymers make good use of wood byproducts and
facilitate the lamination or pressing of complex 3D forms,
engineered wood products without continuous wood fibers
might lack stiffness for high-performance structural applications
where the thickness of the shell must remain thin yet strong and
stiff.''* Therefore, the formability and mechanical properties of
wood must be improved so that engineered wood can serve as a
good substitute for applications requiring complex shapes and
structures.

As reported by Hu et al,, a cell wall engineering approach was
adopted to render wood moldable while simultaneously
boosting its mechanical performance, endowing wood with
fabrication versatility previously limited to metals and plastics.””
Such a new process enables flat sheets of wood to be shaped into
versatile 3D structures with significantly improved mechanical
performance. In the fabrication process, wood is first softened by
in situ chemical delignification, followed by air-drying to close
the hollow wood vessels and fibers that form a highly aligned
channel structure (Figure 9B). The shrunken wood is then
partially reswollen in a “water-shock” process that specifically
expands the wood vessels. The resulting wrinkled cell wall makes
it possible to mold the foldable wood into any target shapes,
which can then be locked into place by air drying (Figure 9C—
E). The resulting wood material has a compressive strength of
~55 MPa and a tensile strength of ~300 MPa, both of which are
much higher than the starting natural wood and comparable to
some of the popular structural materials, such as Al alloys or
some reinforced polymer composites (Figure 9F,G). This
unique cell-wall-oriented, nanoengineering approach to shaping
wood into lightweight, strong, and tough 3D structures allows
molding wood into efficient structures that could compete with
metal products. This capability opens the possibility of wood
building products with both complex geometries and improved
mechanical properties.

5. THERMAL MANAGEMENT WOOD

5.1. Thermally Insulating Wood and Thermal Energy
Storage Wood

In 2020, global CO, emissions from buildings operations
reached 8.7 gigatons, accounting for 27% of total emissions in
the world."'” Additionally, global building operations consumed
127 EJ of energy, indicating a global share of 31%.""” It is noted
that building operations alone, taking no account of the
manufacturing of construction materials, is the majority
shareholder for both global energy demand and emissions.
Accordingly, the development of high-performance building
insulation panels is crucial in achieving the emission reduction
and energy conservation targets set out in the Paris Agreement.5
There are several disadvantages to some of the widely used
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Figure 10. (A) Schematics of thermally insulating properties of nanowood."*® Reproduced with permission from ref 118. Copyright 2018 American
Association for the Advancement of Science. (B) Photograph of the thermally insulating wood. Reproduced with permission from ref 118. Copyright
2018 American Association for the Advancement of Science. (C) Schematics of the aligned cellulose nanofibrils in the nanowood before and after
delignification. Reproduced with permission from ref 118. Copyright 2018 American Association for the Advancement of Science. (D,E) Measured
thermal conductivity of the nanowood and comparison with existing thermally insulating materials. Reproduced with permission from ref 118.
Copyright 2018 American Association for the Advancement of Science. (F) Schematic of the thermal conductivity and heat insulating properties of the
BN-coated densified wood.""? Reproduced with permission from ref 119. Copyright 2020 John Wiley and Sons. (G) The burning behavior of the BN-
densified wood under the propane flame. Reproduced with permission from ref 119. Copyright 2020 John Wiley and Sons. (H) Comparison of the
calculated ignition delay time of this work with other reported fire-resistant wood results in an external heat flux of 50 KW m™2. Reproduced with
permission from ref 119. Copyright 2020 John Wiley and Sons. (I) Fabrication of thermally insulating wood foams derived from sawdust.'*’
Reproduced with permission from ref 120. Copyright 2022 Elsevier. (J) Schematic illustration of the fabrication process of the thermal energy storage
wood."”! Reproduced with permission from ref 121. Copyright 2020 Elsevier. (K—M) Thermal infrared images and corresponding temperature—time
curves of the thermal energy storage wood samples. Reproduced with permission from ref 121. Copyright 2020 Elsevier.

construction materials, namely, concrete, steel, and brick-based conductivity but significantly higher mechanical strength and
systems. (1) These materials’ low thermal resistance can cause stiffness (Figure 10E).

energy leaks, especially during winter and summer. (2) Concrete Alternatively, the thermal management of wood can also be
and steel production can also be responsible for significant CO, achieved via the surface coating of anisotropic thermally
and other harmful emissions. (3) Steel cladding panels dent conductive boron nitride (BN) nanosheets, which maintains
upon impact with vehicles, hail, and windborne debris. (4) the thermal conductivity of 390 and 2 W/ rlnng in the in-plane
Precast concrete architectural cladding is heavy, placing high and through-plane directions, respectively.~ The BN-coated

densified wood can facilitate in-plane thermal diffusion while
blocking the heat conduction in the vertical direction (Figure
10F). Meanwhile, BN can serve as an oxygen barrier upon
exposure to fire. These synergistic effects of BN coating resulted
in a 2-fold increase in the ignition delay time of densified wood
(Figure 10H). Such a method provides a viable solution to
fabricating high-performance structural materials in terms of
mechanical properties, thermal management, and fire resistance
(Figure 10G). In addition to delignified wood and densified
wood samples, the thermally insulating wood products can be
prepared by using sawdust, a waste byproduct from wood
processing, as the starting material."*° The lightweight, cost-
effective, sustainable, and insulating wood foam derived from
sawdust is promising to substitute for ubiquitous polystyrene

demands on structural support and the thermal mass can
contribute to urban heat island effects, if not actively
managed."'” As a result, developing innovative building
envelope solutions is urgently needed to reduce wasted energy,
improve occupant comfort, and reduce environmental impacts.

In 2018, Hu et al. proposed an effective “top-down” method
to fabricate natural wood into an anisotropic, thermally
insulating material named “nanowood” (Figure 10A)."'* The
delignification process not only gets rid of thermally conductive
lignin components but also creates nanopores to impede
phonon transport, resulting in largely reduced thermal
conductivity of wood. What’s more, the nanowood inherits a
similar anisotropic structure from natural wood composed of

highly aligned cellulose fibers (Figure 10B,C), giving rise to foams in modern construction (Figure 101).
anisotropic thermal conductivity. The thermal conductivity is To further reduce building energy consumption, thermal
~0.06 W/m-K along the cellulose alignment direction, while a energy storage wood can be prepared with temperature-
considerably low value of ~0.03 W/m-K can be achieved in the conditioning functions.'”' Considering the relatively low heat
perpendicular direction (Figure 10D). When compared with capacity of the wood itself, the impregnation of phase change
synthetic, nonrenewable structures (e.g., styrofoam), the materials into the porous wood structure has been adopted. For
thermal insulation nanowood possesses a similarly low thermal example, polyethylene glycol (PEG) is regarded as a versatile
1856 https://doi.org/10.1021/acs.chemrev.2c00450
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Figure 11. (A) Schematic of the cooling wood showing strongly scattering solar irradiance.'>* Reproduced with permission from ref 123. Copyright

2019 American Association for the Advancement of Science. (B) Schematic of infrared emission by molecular vibration of the cellulose functional
groups. Reproduced with permission from ref 123. Copyright 2019 American Association for the Advancement of Science. (C,D) Photograph of the
cooling wood, and its emissivity before and after the hydrophobic treatment. Reproduced with permission from ref 123. Copyright 2019 American
Association for the Advancement of Science. (E) Average cooling energy savings and percentage among all 16 cities and total predicted cooling energy
savings of midrise buildings extended for all U.S. cities. Reproduced with permission from ref 123. Copyright 2019 American Association for the
Advancement of Science. (F) The fabrication process of the cooling lignocellulosic bulk."** Reproduced with permission from ref 124. Copyright 2021
American Chemical Society. (G) Continuous measurement of the ambient temperature and the surface temperature of a cooling lignocellulosic bulk
under direct thermal testing. Reproduced with permission from ref 124. Copyright 2021 American Chemical Society. (H,I) SEM images and
photographs of the cooling lignocellulosic bulk and the radar plot show a comparison among different materials. Reproduced with permission from ref
124. Copyright 2021 American Chemical Society.

organic phase change material with high latent enthalpy, energy savings, the great challenge of upscaling these chemical
stability, and a highly tunable phase transition temperature. processes to produce construction-size panels is on the horizon.
To boost the thermal reliability of wood, Xu et al. infused silica- 5.2. Radiative Cooling Wood

stabilized PEG into the pores of wood via vacuum infiltration
(Figure 10J)."*" The infiltrated functional material can store or

release large amounts of heat during the phase transition process

Cooling of buildings based on conventional air conditioners not
only consumes substantial amounts of energy but also engenders
a serious greenhouse effect due to ozone-depleting coolants.
Therefore, efficient, eco-friendly, and cost-effective approaches
with net cooling capability are demanded to replace traditional

to keep the indoor temperature stable. As presented in the
thermal infrared images in Figure 10K, the surface temperature

of PEG-modified wood is lower than the control sample, cooling systems. Passive radiative cooling involves high solar
showing the capability of PEG to absorb heat during phase reflectance and infrared radiation passing through the
change and slow the temperature variation of the environment atmospheric transparent window with zero energy consumption.
(Figure 10L,M). To fulfill the promise of reducing greenhouse However, sophisticated emissive coatings, such as metamaterials
gas (GHG) emissions through embodied and operational and nanophotonic structures, are typically required, and it is
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Figure 12. (A) Representative pictures of native and transparent wood.”* Reproduced with permission from ref 74. Copyright 2016 John Wiley and
Sons. (B) Typical optical properties of transparent wood.** Reproduced with permission from ref 82. Copyright 2020 Springer Nature. (C,D)
Schematic representation and experimental verification of light scattering by transparent wood along (R-wood) and perpendicular (L-wood) to the
wood fiber. (E,F) Photographs showing optical differences between transparent R-wood and L-wood. For the L-wood, the vertical white lines are more
visible than the parallel white lines due to the anisotropic scattering. Transmittance (G) and haze (H) spectra for native R-wood, native L-wood,
transparent R-wood, and transparent L-wood. (C—H) Reproduced with permission from ref 74. Copyright 2016 John Wiley and Sons.

hard to realize inexpensive and scalable fabrications.'”* To
circumvent this limitation, Hu et al. at UMD fabricated fully
delignified and densified wood composed of aligned cellulose
nanofibers, which can be employed as a powerful radiative
cooling material (Figure 11A)."** The multiscale fibers and
channels, serving as scattering elements, enable highly efficient
broadband reflection in the visible light range. What’s more, the
molecular vibration of the functional groups on cellulose gives
rise to intense emissions in the infrared region (Figure 11B). As
shown in Figure 11C, the delignified wood is white, which
reflects the incident solar energy and avoids heating in the solar
spectrum, and the weatherability can be further enhanced after
fluorosilane coating without sacrificing the cooling capability
(Figure 11D). With this unique material, average cooling powers
of 63 W/m? and 16 W/m? can be achieved during the night and
daytime, respectively. It is calculated that around 20—35%
energy savings can be achieved for midrise buildings, and the
construction structures in hot regions generally maintain higher
energy savings (Figure 11E). The multifunctional radiative
cooling wood is attractive for energy-efficient and sustainable
buildings for roofing and siding.

In addition to the top-down approach mentioned above, the
bottom-up assembly of cellulose fibers has also been explored to
fabricate radiative cooling materials. As reported by Chen and
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co-workers, they fabricated lignocellulosic membranes by
vacuum filtration of the delignified cellulose fiber mixed with
SiO, microspheres, followed by densification via hot pressing
(Figure 11F)."** The 8-fold increase in tensile strength of the
cooling membrane (208.5 MPa) in comparison with the pure
wood is attributed to the strong interactions between fibers in
the compacted cellulose layers composed of a microscale
network (Figure 11H). In the proof-of-concept test, the average
cooling power is 52 W/m? and the subambient temperature
decline can reach ~6 K and ~8 K during daytime and at night
(Figure 11G), respectively. As shown in the radar plot in Figure
111, such a cooling lignocellulosic membrane demonstrates
appealing features in terms of mechanical properties, sustain-
ability, cost, manufacturing, and cooling performance, making it
an attractive structural material with substantially reduced
carbon emissions and energy consumption.

6. TRANSPARENT WOOD

Transparent wood (TW) is an emerging material with added
light and thermal management functionalities, first reported by
Fink in 1992, and then rediscovered bzf the University of
Maryland and KTH separately in 2016.”*"** Transparent wood
materials are prepared from wood by delignification or bleaching
followed by infiltration of a polymer with a refractive index (RI)

https://doi.org/10.1021/acs.chemrev.2c00450
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Figure 13. (A) Photograph showing nonacetylated transparent wood (left) and acetylated transparent wood (right).né (B) Scanning electron
microscopy (SEM) images of nonacetylated (top) and acetylated (bottom) transparent wood: the latter shows no interface debonding gaps. (C)
Picture of a 7 mm thick transparent wood. (A—C) Reproduced with permission from ref 126. Copyright 2018 Royal Society of Chemistry. (D,E) A
large-scale sheet (400 mm X 110 mm X 1 mm) of transparent wood prepared from wood cut along the longitudinal (i.e., along the fiber) direction and
transparent wood along the transverse (i.e., perpendicular to the fiber) direction, patterned with a “tree leaf” shape.** Reproduced with permission
from ref 83. Copyright 2021 American Association for the Advancement of Science.

that matches that of the scaffold (Figure 12A). Transparent
wood is a promising energy-saving building material, with the
potential to reduce indoor energy consumption by enabling
better thermal insulation and offering comfortable indoor
lighting.

Compared to glass, TW exhibits lower thermal conductivity,
higher impact strength, and lower density. Therefore, it has
potential applications in smart buildings. Characteristic optical
properties of transparent wood are transmittance (which
measures the loss of energy transport, including that due to
absorption and scattering, Figure 12B) and haze (which
measures the loss of information, such as imaging content).
Compared to many other transparent scattering materials, which
are homogeneous or have purely random structures, the strong
inhomogeneous and anisotropic scattering in transparent wood
makes the characterization of its transmittance and haze
significantly different and challenging and makes the material
itself a great candidate as a structural “light diffuse” layer for solar
cells, lighting systems, and buildings, where it can perform the
same function as frosted glass. At short distances from objects,
the transparency of relatively thin transparent wood samples is
comparable with that of glass, plastics, and cellulose-based
nanopaper. However, compared to more conventional trans-
parent or translucent materials, transparent wood reveals a
strong anisotropic optical behavior (Figure 12C—H).

Ensuring proper interface compatibilization between the
wood scaffold and the impregnating polymer helps to reduce the
number of total refractive index variations at interfaces and thus
to minimize the overall scattering. In other words, reducing
debond gaps to a minimum is of great importance for the optical
properties of transparent wood (Figure 13A,B). It is noteworthy
that this problem can be reduced by acetylating the wood
scaffold, which also allows the preparation of centimeter-thick
transparent wood (Figure 13C)."*°
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Wood does not transmit visible light efficiently, and it is
fundamentally opaque. The extinction of light inside wood
happens mostly due to absorption (by lignin) and scattering (by
cellulose fibers). Making transparent wood, that is, increasing
the transmission of light through wood, requires removing the
chromophores of lignin (bleaching), or even lignin itself
(delignification), as well as reducing light scattering from the
cellulose scaffold. Bleaching and delignification can be achieved
by a variety of methods, mostly involving the degradation of
lignin using oxidizers (e.g., hypochlorite, chlorite, peracids, and
hydrogen peroxide) or reducing agents (such as hydrosulfite).
Temperature, time, and reactant concentration, as well as wood
species and sample thickness, all influence the process. The
reduction of light scattering can be achieved by filling the lumina
with materials having a refractive index RI comparable with that
of cellulose (which is on average around 1.5). In a seminal 1992
paper, Fink proposed to impregnate (also by the aid of vacuum)
a bleached wood scaffold with partially polymerized (meth)-
acrylate (e.g., methyl methacrylate) or vinyl (e.g, styrene, N-
vinylcarbazole) monomers, and then complete the polymer-
ization in situ.'”” Poly(methyl methacrylate) (PMMA) has a RI
~ 1.49, for poly(styrene) is around 1.6, and that of poly(N-
vinylcarbazole) is even higher (RI ~ 1.69). Fink also suggested
that colored or fluorescent transparent wood could be obtained
by dispersing pigments or luminescent materials in the
polymerizing mixture. This method, originally described to
facilitate the microscopic observation of wood anatomical
features, has become widely adopted to prepare transparent
wood materials for engineering applications.”*'** UV-triggered
polymerization approaches are now used alongside more
conventional thermal initiation systems, and several other
polymers have been used for impregnation, with a clear
tendency toward biobased ones. Although PMMA is still the
most popular, epoxy or thiol—ene resins are on the rise,">'*” as
well as poly(vinyl alcohol)."*” Toward more “green” transparent
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Figure 14. (A) Model house with (left) a native wood roof, where indoor is dark, and (right) transparent wood roof, where indoor is bright.135

Reproduced with permission from ref 135. Copyright 2017 John Wiley and Sons. (B) Transparent (TPW, left) and luminescent transparent (TPW@
QD, right) plywood with isotropic light-emitting characteristics, under UV light irradiation. TPW@QD contains green-emitting CdSe/ZnS quantum
dots."*” Reproduced with permission from ref 137. Copyright 2018 Elsevier. (C) Picture showing model houses with uniform indoor illumination
achieved using delignified densified wood panels, native and luminescent, when exposed to a UV light source.'*’ Reproduced with permission from ref
149. Copyright 2020 American Chemical Society. (D) Luminescent native wood membranes.'*® Reproduced with permission from ref 150. Copyright
2022 Royal Society of Chemistry. (E) Schematic scene showing the light distribution inside a building by applying a conventional glass ceiling (left)
and a transparent “aesthetic wood” window (right).*> Reproduced with permission from ref 82. Copyright 2020 Springer Nature. (F,G)
Thermoresponsive transparent wood (TW-TES). Images showing, for 0.5 mm and 1.5 mm thick specimens, that the transparency can be tuned by
varying the temperature, and differential scanning calorimetry (DSC) curves of temperature-responsive transparent wood (TW-TES) before and after
thermal cycling, indicating good thermal reliability after 20 cycles.'*® Reproduced with permission from ref 138. Copyright 2019 American Chemical
Society.

wood, it is noteworthy to mention the use of acrylic acid-choline electrochromic materials, fluorescent, phosphorescent, and
chloride,"*' limonene acrylate,n’2 and chitosan.”**> Due to the ultraviolet-shielding materials, have been described to promote
large amount incorporated in the wood scaffold, the its use in the building sector (Figure 14A,B)."*” Phase change
physicochemical characteristics of the impregnating polymer materials (PCMs) are temperature-responsive materials that can
have a great influence on the mechanical, other than the optical, reversibly store or release thermal energy by changing their
properties of transparent wood. TW with different degrees of molecular arrangements from one physical state to another. For
flexibility or rigidity has been described. It is noteworthy that a organic PCMs such as polyethylene glycol, fatty alcohols,
TW with programmable shape-memory ability has been recently paraffins, and fatty acids, phase changes are governed by the
developed by introducing epoxy-based vitrimers (dynamic crystallization and melting of their long chains. Crystal
covalently cross-linked polymers) into 2 mm-thick delignified formation and melting also influence the light scattering
wood."** In such composite, shape programming and recovery behavior of the material. Therefore, composites of PCMs with
was achieved within 30 min by transesterification, respectively at wood are explored for temperature-control systems with
150 and 60 °C. switchable optical properties (Figure 14F,G)."** However, for
Notable progress has been made also to improve and up-scale physically incorporated PCMs, the solid—liquid phase transition
the fabrication of transparent wood as well as unravel its complex can be associated with leakage. This problem can be solved by
optical properties. However, delignification, removing up to 30 incorporating PCM moieties into copolymers, as proposed by
wt % of wood tissue, weakens the wood structure and makes the Qiu et al."*’ Impregnating a delignified wood scaffold with a
handling and fabrication of large samples challenging and styrene-butyl acrylate copolymer containing 5% of octadecane
impractical. As a solution, selective removal of chromophores side chains resulted in TW with the conveniently low latent heat
(bleaching), preserving the aromatic lignin structure and thus of melting and crystallization (7.20 + 0.22] g ' and 6.41 + 0.54]
mechanical properties and hydrophobicity, has been proposed. g~!, respectively), low thermal conductivity (~0.19 Wm™ K/
These approaches use alkaline hydrogen peroxide instead of for comparison, conventional glass has ~1.2 Wm™ K™') as well
peracids or chlorine-based oxidants. With the “lignin-retaining as low thermal diffusivity (~0.1 mm?s™").
method” proposed by Li et al,,"** up to 80 wt % of the lignin was Another approach for improving the thermal properties of
preserved, leading to better mechanical properties after TW is to reduce its transparency to near-infrared (NIR)
refractive index matching by impregnation with PMMA. Xia et radiation. This has been achieved by impregnating delignified
al. reported an alternative method, which does not require the wood with a polymer matrix containing nanoparticles able to

complete immersion of wood in the bleaching mixture *>'3¢ absorb (e.g., cesium tungstate Cs,WO;," " antimony-doped tin

Instead, alkaline hydrogen peroxide is brushed on the surface of oxide Sb-SnO,'*") or reflect (vanadium dioxide VO,) NIR light.

the wood and is then subjected to irradiation with UV or solar The temperature-mediated reversible metal—semiconductor
light. Compared to immersion methods, the processing time is phase transition in VO, is accompanied by a large decrease in
strongly reduced (1—6.5 h instead of 4—14 h) (Figure 13D,E). NIR transmittance. The phase transition temperature of pure
Over the past few years, several additional ways to improve the VO, is around 68 °C but can be lowered to room temperature,
thermal and optical properties of TW, such as the incorporation e.g., by doping with tungsten (W-VO,),"**'* 5o that visible light
of phase-change materials (PCMs), thermo-, photo-, and is (partially) allowed to travel through the composite, while IR
1860 https://doi.org/10.1021/acs.chemrev.2c00450
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Figure 15. (A) Schematic representation and current density—voltage curves for a GaAs cell with the transparent wood coating (red line) and without
(black line)."*® Reproduced with permission from ref 128. Copyright 2016 Elsevier. (B) Schematic representation of a solar cell based on transparent
wood and its current density—voltage curves.'** Reproduced with permission from ref 154. Copyright 2019 American Chemical Society. (C)
Transparent cellulose nanofibrils composite as a light management layer for solar cells."** Reproduced with permission from ref 155. Copyright 2020
Springer Nature. (D,E) Schematic representations of the piezoelectric effect originating from the deformation of crystalline cellulose domains in wood
and wood sponge.'® Reproduced with permission from ref 160. Copyright 2021 American Association for the Advancement of Science. (F)
Demonstration (tensile test) of enhanced compressibility of wood sponge compared to native wood.'*" (G) Voltage (left) and current (right) output
of awood sponge under a constant stress of 13.3 kPa. (H) Schematic representation (left) and picture (right) of a large-scale piezoelectric wood sponge
nanogenerator. (I) Demonstration of a wood sponge nanogenerator powering a liquid crystal display (LCD) when pressed by a foot. (F—I)
Reproduced with permission from ref 161. Copyright 2020 American Chemical Society.

light is reflected away. It is important to note that all these change was then obtained upon the application of a relatively

nanoparticles give intrinsic colors to the TW, and the fact that low voltage (0.8 V).

their phase transitions are usually accompanied by a visible color A highly undesirable color change is one challenge, which

change. accompanies the prolonged exposition of transparent wood to
Nevertheless, because TW which can change color upon ultraviolet radiation (“yellowing”). Exposure to UV—C strongly

affects the color and transmittance of transparent wood in a
matter of days. Upon irradiation, TW acquires a yellow color,
which darkens with increasing exposure time due to the
reactivation of chromophores of residual lignin as well as the
degradation of the impregnating polymer.'*’” To allow the
application of transparent wood in buildings, e.g., as windows
and roofs, it is of great importance to increase its resistance
against environmental degradation (especially the UV light-

different stimuli could be desirable for “smart windows”
applications,"** several studies discussed the incorporation in
TW of a variety of organic and inorganic materials for thermo-
(e.g, ODB dyes,'* the already mentioned VO,) and photo-
chromic (especially using spyropyran dyes composites).'** An
electrochromic transparent wood device was also reported,
made by sandwiching a gel electrolyte between two poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PE- induced one) and yellowing,.

DOT:PSS)-coated TW electrodes, one functionalized with the Luminescent wood is a highly promising material for indoor

electrochromic dye ECP-magenta and the other with a colorless lighting. The incorporation of fluorescent, phosphorescent, or

charge-storage polymer (MCCP). A magenta-to-clear color electroluminescent moieties inside wood could allow the design
1861 https://doi.org/10.1021/acs.chemrev.2c00450
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Figure 16. (A) Schematic representation and working mechanism of a functionalized triboelectric wood nanogenerator.170 (B) Scanning electron
microscopy (SEM) images of cross-cut (left) and radial-cut (right) spruce wood: native and after functionalization with in situ-grown ZIF-8 or with
PDMS, to make wood respectively more tribopositive and more tribonegative. The inset shows the morphology of ZIF-8 grown on wood (scale bar:
500 nm). (C) Voltage (left) and current (right) output of a large-scale (20 tribowood units, each 2 cm X 3.5 cm) triboelectric wood nanogenerator
under a contact force of S0 N. (A—C) Reproduced with permission from ref 170. Copyright 2021 Cell Press.

of panels and displays for smart building applications.
Luminescent wood was first mentioned in a 1992 Fink’s
paper, obtained by dispersing inorganic phosphors in the
impregnating polymer matrix, an approach reinvestigated
decades later."*® Since then, many reports have been published
on the incorporation of quantum dots in transparent or
delignified and densified wood scaffolds (Figure 14B,C)."#1%0
An interesting approach to fabricating luminescent wood, which
does not require delignification nor refractive index matching
because it takes advantage of direct light transmission through
the wood (“shine-through”), has been recently reported (Figure
14D)."!

Despite the technological relevance that optoelectronic wood
devices can have for smart buildings, only a few reports are
available on this subject. Delignified wood impregnated with
poly(acrylic acid) and a mixture of fluorophores, obtained from
the hydrothermal treatment of citric acid and urea, was used as a
white light-emitting layer converting the UV emission from a
conventional LED chip.'>* The assembly of electroluminescent
devices was reported by sandwiching a conventional inorganic
phosphor (copper-doped zinc sulfide, ZnS:Cu) between two
layers of transparent wood, whose surface was made conductive
by spray-coating silver nanowires. The resulting devices were
claimed to have superior performance compared to more
conventional paper and plastic substrates, especially in terms of
resistance against humidity and temperature changes.'>*'>*

7. ENERGY-CONVERSION WOOD

In addition to contributing to reduced energy consumption,
wood materials can also be useful for energy conversion.
Transparent wood has been used as a broadband light
management layer to enhance the trapping of photons inside
the active layer in a standard gallium arsenide solar cell (Figure
15A)."*® More recently, transparent wood was used as a
substrate for a low temperature (<150 °C)-processed perovskite
solar cell (Figure 15B)."> In these reports, transparent wood
was obtained from radial-cut veneer, which is easier to delignify
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and impregnate and with good optical properties, but rather
limited in size. To alleviate this problem, a two-layer transparent
wood with channels oriented perpendicular (0/90°) to each
other, obtained from rotary-cut veneer, was proposed to increase
the performance of a conventional silicon solar cell (Figure
15C)."* Nevertheless, the challenges associated with long-time
exposure of transparent wood to intense light sources have not
yet been taken into account, which limits the real-world
applicability of these systems. It is noteworthy that the
application of luminescent transparent wood for luminescent
solar concentrators (LSCs) has been suggested but not yet
demonstrated in practice.

Another very promising direction is represented by wood
nanogenerators. Nanogenerators are devices able to harvest low-
grade energy, for example, from small temperature gradients,
vibrations, or mechanical movement, and to convert it directly
into useful electricity by taking advantage of pyro-, piezo-,
triboelectric, or other electromechanical coupling effects.”>” The
electrical output can vary depending on the device design and
the efficiency of the active materials used, but triboelectric
nanogenerators (TENGs) can generate very high voltages (up to
the kV range) and currents (up to the mA range). Large-scale
nanogenerators are especially relevant as point-of-use power
sources in smart buildings, for example, as energy-harvesting
floorings. Conventional nanogenerators make use of highly
efficient but expensive, often toxic, inorganic materials (such as
barium titanate, lead zirconium titanate, chalcogenide semi-
conductors, etc.), but several promising biobased substitutes
have been already described, including wood-based ones.

Thanks to the uniaxial orientation and monoclinic symmetry
of semi-crystalline cellulose fibrils, wood is a piezoelectric
material, i.e, can generate a measurable, although small,
electrical output when subjected to mechanical stress (Figure
15D)."**"5? Recently, it was demonstrated that this piezo-
electric output can be increased by increasing wood
compressibility through delignification (Figure 15D, E).'c0te!
Selective removal of lignin from balsa wood using biological or
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Figure 17. Average CO, emission values from different construction-relevant industrial sectors.

chemical (acetic acid—hydrogen peroxide mixture)'®’ means
resulted in highly compressible wood sponges, with a piezo-
electric output >8S times higher than native wood (Figure 15F—
I). However, the limited electrical output (voltage 0.69 V,
current 7.1 nA, and peak power density 0.6 "W cm™ for a 15 X
1S X 14 mm® sponge under a pressure of 13.3 kPa) and
problematic scalability (chemical delignification is much faster
than the biological one, hours instead of weeks, but requires a
freeze-drying step) of the process make this approach more
suitable for small-scale applications (e.g., for sensing).
Triboelectric wood nanogenerators, thanks to notably higher
electrical outputs, are more suitable for large-scale applications.
In recent years the development of biobased triboelectric
materials, especially using polysaccharides such as cellulose, has
generated a huge research interest.'”> However, extensive and
complicated modification steps are often required to produce
materials with sufficient performance, reducing their overall
sustainability. Wood, as a state-of-art material for floorings and
wall panels, is a very promising yet challenging substrate for the
design of triboelectric nanogenerators. Native wood has
negligible triboelectric properties, due to the antistatic proper-
ties of li%nin and the relatively low polarizability of
cellulose.'>'** Conventionally, delignification and coupling
with more efficient (but less sustainable) triboelectric materials
such as fluorinated polymers (PTFE, FEP) are exploited to
increase the output.'®>'%® Functionalization with aminosilanes
and fluorinated silanes has also been reported to make
delignified densified wood respectively more tribopositive and
tribonegative.'” A nanogenerator made with a fluoropolymer
(FEP) tribonegative electrode and a counter electrode made
with delignified wood impregnated with single-walled carbon
nanotubes (SWCNTs) has been claimed to allow energy
harvesting and gas sensing at the same time.'*® Exposure to ppm
amounts of ammonia gas resulted in a decrease of the electrical
output which, coupled with good resistance against humidity
and low temperatures, makes such nanogenerator potentially
useful in smart packaging, to help detect spoilage of high-protein
foods. Applications for smart buildings are on the rise too, with
self-powered wood devices (mainly sensors) being proposed as
smart home control systems.'® Nevertheless, generating energy
just by walking or tapping on a wooden floor or desk is an
enticing technological opportunity. Recently, triboelectric
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flooring was obtained, without the need for delignification, by
functionalizing a wood scaffold with ZIF-8 metal—organic
framework (MOF) nanocrystals (making wood more tribo-
positive) and silicone polymer (PDMS, making wood more
tribonegative) (Figure 16). In that study, the advantage was
taken of the characteristic features of wood to increase,
respectively, the mechanical stability of the ZIF-8 particles and
the surface area of the PDMS layer.'”’

Despite the great promises of piezo- and triboelectric wood
nanogenerators, several challenges of both fundamental and
applicative nature need yet to be addressed. The exact
mechanisms of electricity generation in wood materials are
still a subject of debate, while new and improved designs are
researched with a highly empirical process. From the
sustainability point of view, much remains to be done as well.
The use of fluoropolymers significantly reduces the positive
aspects brought by the use of wood. Also, the recyclability and
disposal of these devices are waiting to be consistently

addressed.

8. CARBON IMPACT AND RECYCLABILITY OF
ENGINEERED WOOD PRODUCTS

Around 3.7 gigatons of CO, are emitted annually from the global
steel industry, followed by 2.5 gigatons from the cement sector,
1.1 gigatons from the aluminum (Al) industry, 850 million tons
from the plastics industry, and 86 million tons from glass
manufacturing (Figure 17).""'7% Specifically, steel-based
structural materials have been widely employed for construction
applications. Steel is typically manufactured via a high-
temperature process that consumes a significant amount of
energy (~20 GJ/t for steel) and produces large greenhouse gas
emissions (~1.9 t CO,-eq/t for steel).'”? Considering the 40
million tons of steel used in the construction industry in the
United States per year, 76 million tons of greenhouse gases have
been emitted, accounting for more than 1% of the U.S.
greenhouse gas emissions.

Wood, on the other hand, can be derived from nature directly
and used to fabricate mass timber products. During the growth
of trees, it is estimated that 1.8 kg of CO, can be removed from
the atmosphere per kg of dry wood via photosynthesis. Thanks
to the advances made so far in wood nanomaterials and

https://doi.org/10.1021/acs.chemrev.2c00450
Chem. Rev. 2023, 123, 1843—1888


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00450?fig=fig17&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Figure 18. (top) Schematic representation of common factors strongly impeding recycling of wood products. These include the formation of difficult-
to-separate wood-based materials with synthetic adhesive bond lines and the use of biocidal preservatives. (bottom) To promote efficient recycling of
wood products, the use of biobased (e.g., derived from lignin) and reversible/detachable bonds as well as adhesive-free bonding techniques should go
hand-in-hand with the application of nontoxic preservatives. The reality, however, is that those adhesive bonding techniques, which would facilitate

recycling, fail in providing the required (wet) stability and durability issues for structural applications still need to be overcome. CLT picture.

176

Reproduced with permission from ref 176. Copyright 2022 Elsevier. SEM image of a bond line in spruce (fiber direction in bonded wood parts different

from CLT). Reproduced with permission from ref 177. Copyright 2012 Springer. Pictures of CCA-treated wood.**® Picture of fungi antagonist.

208

Reproduced with permission from ref 208. Copyright 2008 Elsevier. Picture: Japanese joinery technology: www.spoon-tamago.com.

nanotechnologies, several man-made and energy-intensive
building materials commonly used in construction could be, in
part or completely, substituted by engineered wood products
(Figure 17). Switching from energy-intensive structural
materials to more sustainable wood-based products represents
an effective approach to reducing embodied emissions from the
building sector.

A major obstacle for the construction sector to become more
sustainable is the low recycling and reuse of wood-based
products. Herein, the biggest barrier to the reuse of structural
members is the lack of nondestructive methods to evaluate the
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structural integrity or locate defects. In Switzerland, for example,
the current recycling rate of wood-based products is as low as
~10%."”* One obvious reason for that is the good calorific value
of wood, making its use as an energy source favorable in many
cases.'”> However, limitations to recycling a larger amount of
engineered wood are also closely connected with established
wood treatments, in particular bonding (e.g., adhesives) and
protective (e.g,, fire-retardancy, wood degradation) purposes.
The vast majority of wood-based products used in the
construction sector are bound using synthetic adhesives (Figure
18)."7°7'77 The development and implementation of materials
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such as glued laminated timber (glulam) and cross-laminated
timber (CLT) would not have been possible without using
tailored polycondensation (e.g., PRF) or polyaddition (PUR)
adhesives, which can provide a strong and moisture-resistant
long-term bond joint between wooden elements.'”®"”’
However, these properties, which are essential to obtain reliable
structures are strong hinders against their eflicient recycling.
One reason is that the separation of the thermoset adhesives
from wood after the end of life of a wood product is a very
complicated and, in the current conditions, uneconomical
process. Moreover, due to the porous nature of wood, the
adhesive layer is not confined to the wood surface, instead, it
penetrates into the cell lumina and, in the case of PRF or MUF,
even into the wood cell walls."** Hence, besides the challenge of
separating the wood elements leaving intact the bulk while
removing the adhesive from the surface, it is necessary to
consider the near-surface interphase region in which wood and
adhesive are tightly interwoven at the micro- and nanoscale.'®'

The detrimental effects of established bonding processes on
the recyclability of wood products are currently tackled by
different research approaches working at different length scales
(Figure 18). Synthetic adhesives or metal fasteners exemplify a
few practical obstacles to separating and recycling wood
products from building deconstruction. To address the
challenge of disassembling structural connections, some have
investigated traditional wood joinery as an alternative to both
adhesive and mechanical fasteners in structural connections.
The effectiveness and practicality of joinery without adhesives or
fasteners, however, are limited by several factors. The tolerances
required to fit and assemble components, for example, generally
produce connections that lack stiffness.'®” Others have
attempted to develop connection alternatives by conversion of
wood components into adhesives based on the degradation of
the wood surface by a CO, pulsed laser or through the so-called
wood welding process.183 In the wood welding process, rubbing
two wood pieces against each other, with a certain frequency and
under the application of a certain pressure, results in a high-
temperature generation at the interface between the two
wooden elements.'**™'%® This in turn melts the lignin, which
then acts as a glue producing a rigid bond line of high dry
strength, all with rather little bulk wood degradation. The major
problem against a wider application of this technique is the low
wet strength,'®” which excludes any structural application for
wood welded materials. Current research activities aim at
increasing the wet strength,"**™""° but so far no fully satisfying
solution could be found, mainly because of the complexity of the
process. For the foreseeable future, therefore, both joinery and
wood welding remain niche alternatives to standardized
structural connections.

The most promising approach is to change the composition of
the adhesives by substituting artificial components with
biobased ones. Since ancient times, natural glues based on
proteins or polysaccharides have been used for bonding
purposes (e.g., gelatin, gluten, dextrin, and starch) and are still
used in several applications, for instance, for the gluing of
wooden musical instruments. These glues show excellent
properties in the dry state but suffer, likewise wood welding
connections, from a low or even not-existing wet
strength.'*"719% Research efforts to increase the cross-linking
density of these biobased raw materials are promising,'” but
further progress is needed. Also, lignin, which is obtained in huge
amounts as a byproduct of the pulp and paper industry, as well as
tannins, are seen as a highly valuable starting material for the
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development of biobased adhesives.'**"”*~'"7 However,
especially lignin residues from pulp and paper production are
very heterogeneous in terms of molecular size and functional
groups, which also depends on the delignification process
applied.'”® As a consequence, elaborate fractionation, depoly-
merization, and characterization efforts are needed to ensure the
quality and reproducibility of lignin components.'””

Another challenge associated with the development of
biobased adhesives is the necessity to increase the cross-linking
density, while at the same time reducing the accessibility of
—OH groups to achieve a sufficient wet strength of the bond
joint. This is already difficult to achieve with an efficient and
scalable chemical process, and it becomes even more challenging
when the consequences of chemically altering natural products
are considered. Such modifications most often lead to materials
that, although biobased, have lost their characteristic biodegrad-
ability. Whereas favorable for technical applications as, e.g., long-
term adhesives, it makes them inappropriate in the context of a
circular economy. Hence, together with the biobased adhesive
approach, the possibility of a debonding on demand must be
introduced to the picture. The research on this subject is still in
its infancy but could turn out to be a game-changer, allowing us
to overcome the obstacles to the recyclability of wood products.

Besides wood bonding, treatments for modification, and in
more recent times also functionalization, can strongly impede
the recyclability of wood materials and wood products. While
wood modification and preservation treatments serve to
improve durability and dimensional stability,”*°~*** functional-
ization serves to enable wood with new properties, opening new
fields of applications for wood.”******* A common feature is
that chemical treatments are applied, resulting in often dramatic
changes in the chemical composition of the treated wood. The
most detrimental in terms of recyclability is the use of various
biocide preservatives, whose importance for the durability of
timber structures has been reviewed recently.'’® Although
health safety issues and environmental concerns have resulted in
the prohibition of several chemical compounds and combina-
tions, especially, for use in residential structures, wood
impregnated with preservative materials still in use has to be
treated as hazardous waste after its end of life. Alternative
approaches for wood protection try to prevent the degrading
action of specific wood degrading fungi using natural fungi
antagonists.””> Although promising results have been obtained
recently, further development is required. Ensuring wood
durability is crucial in the context of a global rise in timber
building construction as a climate protection measure. A
majority of future buildings will be erected in hot and humid
climates, favorable conditions not only for the growth of decay
fungi but also for termites, which are major threats to wood
structures. Research on efficient but environmentally friendly
protection against termites is of utmost importance, also given
the fact that climate change will favor the spreading of termites
around the globe.206

Increased durability can be achieved also by wood
modification treatments for increased dimensional stability.
This is the case of wood acetylation, in which the resultin
hydrophobization of the cell wall helps impede fungal attacks.*
Acetylated wood remains recyclable, while modification treat-
ments with cross-linking polymers appear problematic, in
particular when they are not biobased. Similarly, functionaliza-
tion treatments with inorganic or polymeric compounds will
strongly limit the recyclability of functional wood materials as
long as green chemistry rules are not strictly applied. These
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Figure 19. LCA and TEA of engineered wood products. (A) LCA and TEA framework. Reproduced with permission from ref 256. Copyright 2020
Frontiers. (B) The system boundary of LCA for engineered wood products; (C) an example of TEA results (delivered cost including minimum selling
price (MSP) and transportation cost) of 1 m> CLT (cross-laminated timber) on varied plant capacities and demanding levels.*>” Reproduced with
permission from ref 257. Copyright 2022 Tech Science Press. (D) An example of the environmental impacts of 3D-molded wood and aluminum alloy
per cubic centimeter per megapascal (normalized to the higher impact material for each environmental impact category).”’” Reproduced with
permission from ref 57. Copyright 2021 American Association for the Advancement of Science.

aspects should generate more attention in the future for an
advantageous development of this emerging research field.

9. LCA OF ENGINEERED WOOD PRODUCTS

9.1. Basics of LCA on Engineered Wood Products

LCA is a standardized tool to evaluate the environmental
impacts of a product or a process throughout its life cycle.””” As

shown in Figure 19A, the LCA framework consists of four main
phases, namely the goal and scope definition, Life Cycle
Inventory (LCI) analysis, Life Cycle Impact Assessment
(LCIA), and Life Cycle Interpretation.”*”*"

The first phase of LCA defines the goal and scope of a study.
The scope definition needs an explicit description of the subject
to be studied (e.g.,, an engineered wood product), functional
unit, system boundary, data requirements, impact categories

https://doi.org/10.1021/acs.chemrev.2c00450
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Figure 20. LCA examples of engineered wood products. (A) A dynamic LCA that quantifies carbon flows of a cradle-to-grave CLT system over 100
years.”*® Reproduced with permission from ref 255. Copyright 2020 IOP Publishing, (B) LCA results of 1 m? glulam including multiple impact
categories.”'> (C) An example of life-cycle GHG emissions of 1 ha forest land for CLT production under varied scenarios of forest management,

manufacturing, and end-of-life.”>°

Reproduced with permission from ref 255. Copyright 2020 IOP Publishing.

selected, and other scope definition items.”*”*!! Previous LCAs
of engineered wood products commonly select product-level
units as their functional units (e.g., 1 m?® of wood product, 1000
board feet of wood product). Among those, 1 m® of engineered
wood products is the most adopted in previous literature.”'*~>>!
Other product-level functional units are related to specific
constructional applications (e.g, 1 m® of the roof, 30 m* of
surface decking) to compare with traditional building materials
(e.g, steel).”>”~>** For example, Petersen and Solberg used 1 m*
roof as the functional unit to compare the life-cycle energy
consumption and greenhouse gas (GHG) emissions of glulam
and steel.”>” Besides, stand-level functional units (e.g, 1 ha
forest land) can be used to incorporate the effects of forest
management strategies and forest yield into the LCA of wood
products.ZSSFigure 20A and C shows an example from Lan et al,,
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who developed a dynamic LCA for CLT across 100 years in the
Southeastern U.S. based on the functional unit of 1-ha forest
land. The results demonstrate the substantial impacts of forest
productivity on the net GHG emissions of CLT (—954 to
—1445 t CO, eq/ha for a high forest productivity scenario
compared to —609 to —919 t CO, eq/ha for a low forest
productivity scenario).

The system boundary, which needs to be consistent with the
goal of LCA, decides which unit processes should be included
within the LCA.”*’Figure 19B shows two typical system
boundaries used in LCA studies of engineered wood products,
namely cradle-to-gate and cradle-to-grave. The cradle-to-gate
system boundary commonly includes raw material extraction,
forest operations and growth, transportation, and production.
The cradle-to-grave system extends the cradle-to-gate system
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boundary to cover the use phase and end of life (e.g., landfilling,
recycling, reuse, and energy recovery). The cradle-to-gate
system boundary is helpful for process design and development,
particularly in understanding the impacts of manufacturing, or
supply chain-related parameters on environmental impacts. For
example, Chen et al. conducted a cradle-to-gate LCA for CLT
manufactured in Western Washington and focused on the
comparative analysis of varied parameters, including trans-
portation logistics, mill location, and relevant wood species
mixes.”*” Results manifest that the location of lumber suppliers
and the selection of wood sgecies are important factors in the
total environmental impacts.”** Lu et al. chose the cradle-to-gate
system boundary for a comparative LCA of laminated veneer
lumber (LVL) made from thinned logs versus mature logs.”**
The results exhibit higher global warming potential (GWP) and
embodied energy for LVL from mature logs than thinned
logs.”*® Gonzalez-Garcia et al. conducted a cradle-to-gate LCA
for wood hardboard and identified that chemicals, electricity,
and production of green chips have large contributions to
environmental impacts.”” Compared to the cradle-to-gate
system boundary, the cradle-to-grave system boundary can be
useful for understanding the impacts of use and end-of-life
design, especially in the context of the circular economy. For
example, Nakano et al. performed a cradle-to-grave LCA to
assess the life-cycle human health effects of particleboard and
medium-density fiberboard.”®® The results indicate that
approximately 90% of human health impacts were attributed
to the use phase, although their total life-cycle human health
impacts were over 90% less than conventional products.”’ End-
of-life desi%n is important to the life-cycle results of wood
products.”®” Niu et al. conducted a literature review and a
streamlined LCA and concluded that prolonging the lifetime of
structural materials such as wood by reusing and cascading heléps
combat climate change and reduce environmental burdens.”*

The second phase, LCI analysis, collects LCI data (e.g., mass
and energy balances, and environmental emissions) based on
the goal and scope defined in the first phase.”’”*%* The LCI data
used in previous engineered wood products LCA mainly come
from four sources, namely literature, process-based simula-
tion,”** databases (e.g., ecoinvent’® and US LCI data-
base?) 242243267 414 curvey data 213251259268-270 R i
product systems, system expansion or allocation can be used to
determine the environmental burdens associated with individual
products.”'#**

The third phase, life cycle impact assessment (LCIA),
calculates the environmental impacts based on the LCI
data.”?”*'%*”" A variety of environmental impacts can be
quantified during this phase. Climate change impact, quantified
by GWP, is the most commonly used impact category for
engineered wood products because engineered wood products
are expected to provide benefits in mitigating climate changes by
emitting less fossil-based GHG and storing the biogenic carbon
as potential carbon sinks.”>> Other impact categories (e.g.,
ozone depletion, acidification, smog formation, eutrophication,
ecotoxicity, human health impact, and resource depletion) can
be adopted depending on the goal and scope of the LCA studies.
For example, as shown in Figure 19D, Xiao et al. selected 10
different impact categories to compare the total environmental
impacts of 3D-molded wood material with aluminum alloy.””
Besides the selection of impact categories, the selection of LCIA
methods is essential. Common impact assessment methods
include TRACI (adopted by refs 215,232,233,242,244,272),>7
ReCiPe (used by refs 214,234,254,274),””> USEtox (employed
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by refs 226,260,268,276),””7 CML (utilized by refs
215,226,238,268,278,279),”*° and Eco-indicator 99 (applied
in refs 218,230,250).2%

The fourth phase, life cycle interpretation, makes conclusions
and recommendations based on the results of LCI or LCIA and
identifies significant issues.””” The interpretation phase also
evaluates the LCA for completeness, sensitivity, and consistency,
and discusses limitations.””” Different analytical techniques
(e.g, contribution analysis or sensitivity analysis) have been
used in this phase to understand the driving factors of
environmental impacts and identify improvement opportunities.
For example, Echeverria et al. applied contribution analysis to
identify the hotspots for environmental impacts of dissolving
pulps made from hardwood and softwood and found on-site
emissions and chemicals as the main contributors across all
dissolving pulp grades.”*” In another LCA study on sustainable
bleaching of wood pulp, the upstream burdens of bleaching
chemicals contribute to most life-cycle environmental impact
categories, and sodium sulfate contributed the most among the
chemicals, which reveals the future opportunities to reduce the
environmental impacts of pulp bleaching.”**

9.2. LCAs of Traditional Engineered Wood Products

LCA has been widely employed to quantify the life cycle
environmental impacts of traditional engineered wood products,
including glulam, I-joist, laminated strand lumber (LSL), LVL,
oriented strand board (OSB), plywood, composite board, and
other wood products.”' ! 52!7,2302682847286 T ece studies have
used LCA to identify the major contributors to environmental
performance. These contributors can be either life cycle stages
(e.g, forest operations, panel production, use phase) or
processes (e.g., chipping, heat generation, resin application,
sawing).”>* As displayed in Figure 20B, Bowers et al. performed
a cradle-to-gate LCA on glulam and showed the contribution of
each life cycle stage (i.e., forest operation, lamstock production,
and glulam production) to six environmental impact catego-
ries.”’* The results indicate that GWP and ozone depletion are
mostly driven by glulam production, while eutrophication and
smog formation are nearly equally contributed by all three life
cycle stages. Bergman and Alanya-Rosenbaum studied the life-
cycle environmental impacts of I-joist produced in the Pacific
Northwest (PNW) and Southeast (SE) U.S., their system
contained five life-cycle stages, namely forest operations, LVL
production, finger-jointed lumber production, OSB production,
and Ijoist production.”®” The results show that the LVL
production stage accounts for the most contribution (42% in
PNW and 55% in SE) in GWP and the I-joist production stage
takes over 96% of ozone depletion impact.”®’

LCA has been used to understand the environmental
contributions of specific manufacturing processes. Gonzalez-
Garcia et al. developed an LCA for hardboard, including wood
preparation, board forming, and board finishing.”>” Across 10
impact categories, wood preparation presents the highest
contribution (>50%) to all categories due to the high electricity
consumption and the fact that only wood preparation consumes
chemicals.”” Silva et al. developed a cradle-to-gate LCA for
medium density particleboard in Brazil and identified the main
environmental hotspots to be the use of heavy fuel oil as an
energy source and the production of urea-formaldehyde as the
adhesive resin.”’® Analyzing the contribution of life cycle stages
or processes identifies hotspots and guides future potential
research and development for lower environmental impacts.”*
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Many studies have developed parametric LCA to quantita-
tively link decision-making parameters and environmental
impact results.”*>** Such links allow for a better understanding
of the environmental consequences of different decision options.
Common parameters explored in grevious wood products LCA

15,226,236,238,272,274,279

include the use of adhesive resin, energy
. 226,228,229,238,258
consumption, feedstock selec-
. 215,268,274,279,285 . 215228232,253270272 ¢ ..
tions, fuel options, facility

; . . 215,251,258,267,268,284
location or transportation distance, >hE alloca-

tion factor, 227 21H219:233:290.291 44 s.pecies,274 and end of
life,”!9221,253260.27827% Genitivity analysis is often deployed to
analyze the impacts of the parameter change. For example,
Puettman et al. used sensitivity analysis in their LCA for OSB
production to compare different allocation methods and resin
selection.”*® The sensitivity analysis demonstrates that changing
the mass allocation method to the economic allocation method
increase the results by 16—28%; increasing the use of methylene
diphenyl diisocyanate resin and using no phenol formaldehyde
resin enlarges the nonrenewable energy consumption but leads
to small effects on the total environmental impacts.”*® Khatri et
al. deployed sensitivity analysis to investigate the environmental
consequences of changing adhesive resin usage, electricity, wood
fuel, and transportation distance in LSL manufacturing.”'> This
study shows that adhesive usage has a large influence on seven
out of nine impact indicators and concludes that “ensuring the
optimal adhesive use” can efficiently improve the overall
environmental performance.”'®> Hence, using parametric LCA
to explore and quantify the impacts of different options can
support process optimization toward a sustainable direction.
As previous LCA studies are mostly concerned about the
climate change impact of GHG emissions, many of them have
considered CO, sequestration during forest growth and
biogenic carbon release at the end of life (e.g, wood waste
landfilled or combusted for heat or power generation).”'#>*>>7>
How to account for the climate impact of biogenic carbon
emissions is under debate. Many studies have used the carbon-
neutral assumption that biogenic carbon emissions will always
be offset by carbon uptake during forest
growth, 228293276:279.2957295 A 3 regult, these studies either
only account for fossil-based carbon emissions or use a net zero
balance after considering an egual amount of biogenic CO,
emissions and uptake.”¥****7%*7%2%3 Thijs carbon-neutral
assumption has been challenged b;r many studies, especially
for long-lived wood products.””***” Given the long lifetime,
wood products provide temporary carbon storage (e.g., decades
of years) when they are in use, resulting in a delayed climate
impact in terms of biogenic carbon emissions.””® The longer
lifetime, the better, which is one of the reasons why long-lived
wood products are recommended as a climate change mitigation
strategy by IPCC.>”” As the traditional LCA method is a static
approach, most wood products LCA have not considered the
delayed climate impact of biogenic emissions. Dynamic LCAs
have been developed in recent years, and several studies have
shown the importance of incorporating the effect of timin§ into
the carbon footprint analysis of wood products.’”’~**" Fo
example, Cardellini et al. developed a dynamic LCA for glulam,
whose system boundary includes forest growth, production, use,
and end of life.”* Using the dynamic approach, they estimated
the climate impact to be 226%, 406%, and 42% lower than the
static approach over 20-, 100-, and 500-year time horizons,
respectively.”*® Their results highlight the need for considering
the dynamic climate change impact of long-lived wood products
that contain biogenic carbon.”** Another source of carbon
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emissions/sinks is related to changes in land use and forest
management. Although emissions related to these changes are
seldomly considered by LCAs of traditional engineered wood,
this type of emissions has been reported in LCA studies on
woody bioenergy and forest carbon stock.”** ™%

9.3. LCAs of Emerging Wood-Based Materials

Many emerging wood-based products and materials have been
developed in recent years, some of them have been
commercialized (e.g, CLT) while others have not (e.g,
CNC). LCA has been used in combinations of other tools
such as green chemistry principle’”” and lean manufacturing®'’
to facilitate the early stage design of chemicals, materials,
processes, and products that are more environmentally friendly
and less resource-intensive. For wood products specifically,
many LCAs focus on pinpointing major design parameters that
matter most in terms of environmental sustainability to identify
improvement directions,””>>>3 1312

For example, Hu et al. developed 3D moldable wood
structural material via cell wall engineering and performed a
cradle-to-gate LCA to quantify the environmental performance
compared to traditional aluminum alloy.”” The LCA results
identify the energy consumption of the wood treatment as the
major contributor. By reducing the delignification time (which
reduces energy consumption), the environmental impacts of the
3D-molded wood are largely reduced across all environmental
impact categories. Figure 20C shows another example where
Lan et al. developed a cradle-to-grave LCA for CLT.*>
Compared to the combustion of mill residues for energy
recovery, selling mill residues to produce durable wood products
reduces 13% of overall GHG emissions but increases over 145%
of fossil-based GHG emissions.”>> Another insight is the benefit
of recycling. Recycling 50% of the CLT can lead to a 17-28 t
CO, eq/ha reduction over 100 years, compared to landfilling
case.””® Santos et al. deployed an LCA to quantify the
environmental impacts of a new type of wood product Cross-
Insulated Timber (CIT), which is similar to a five-layer CLT
panel, but polyurethane rigid foam is used as the inner layer.*'*
The study examined different end-of-life scenarios and
concluded that end-of-life was a large contributor to the
environmental impacts, and the comparison between landfillin
and incineration for energy recovery had large uncertainties.’'
The study also investigated the environmental consequences of
the optimal design for minimal economic costs (e.g., optimize
layer thickness, choose different core layer materials such as
polyurethane or insulation cork board core).”'” Their results
demonstrate the co-benefits of economically favorable design in
lowering the environmental impacts of CIT. Compared to CLT
products, CIT has lower impacts in some categories but higher
in otgllezrs, and the comparative conclusions of different designs
vary.”

9.4. LCAs and Embodied Carbon at the Whole Building
Level

The building construction industry (including commercial,
residential, and industrial buildings) accounts for 5% of global
energy use and 10% of global GHG emissions."'* Total GHG
emissions from the global building sector reached nearly 14Gt in
2019, around 28% is operational carbon and 10% is embodied
carbon.''> A primary source of these emissions is the
manufacture of building construction materials such as concrete,
steel, and glass. It was the largest knowledge gap concerning
embogiged carbon in buildings exists at the whole-building
level.” "~

https://doi.org/10.1021/acs.chemrev.2c00450
Chem. Rev. 2023, 123, 1843—1888


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00450?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

Figure 21. Variation in published embodied carbon results.

Based on limited studies on the whole building embodied
carbon assessment (Figure 21). The average life span used in the
case studies ranges from 50 to 100, and the average building size
is 23615 m* The building type included an office building,
residential building, educational building, and library. The mean
embodied carbon is 570 kgCO,/ m?/ yr in the U.S. As illustrated
in Figure 21, the bottom bar represents the embodied carbon of
a whole building, ranging from 89 kgCO,/m*/yr to 1050
kgCO,/m?*/yr. Also included in Figure 21 are previous studies
on global building embodied emission in general and per
construction types (masonry, timber, steel, and concrete).>' 313
The average global embodied carbon emission of a whole
building is 925 kgCO,/m?/yr,”'* and masonry building has the
lowest mean embodied carbon of 328 kgCO,/ mz/yr, concrete
building has the highest mean of 675 kgCO,/m?*/yr, followed by
the wood building of 346 kgCO,/m’/yr and steel building of
540 kgCO,/ m?/ yr.314 The results demonstrate that, in general,
buildings made of wood materials have a much smaller life cycle
embodied carbon emission compared to other construction
types on a global scale.

The development of embodied carbon is intertwined with the
development of LCA methodologies for materials and buildings
because embodied carbon is a part of the whole life cycle carbon
associated with a building project.’'® In the past two decades,
there has been increasing global interest in the analysis of
characteristics and the related embodied carbon of large existing
building stocks. However, compared to the large body of studies
on energy efficiency improvement of the existing building stock,
the studies on embodied carbon of building stock are limited. A
recent study revealed the majority of existing knowledge of
embodied carbon is at the building material and building
product level, while only less than 10% of published studies
focused on embodied carbon at the whole building level.*'* Two
primary causes of limited study on the whole building life cycle
embodied carbon include the reliability data of product stages
(A1—A3) and availability of data of end-oflife stages (C)
because they are highly dependent on the assessor’s assumptions
of how a building may be used and maintained.”"* In addition,
the upstream energy use and carbon emissions resulting from
the production of building materials and equipment (A1—A3)
are more difficult to measure and track than building operational
energy use and emissions. Currently, the data of A1—A3 mainly
relies on self-assessment and reporting from manufacturers
alone which is not robust and accurate enough, especially for
newer and advanced materials such as nanomaterials and
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materials modified with the use of nanotechnological
approaches.

10. TEA OF ENGINEERED WOOD PRODUCTS

10.1. Basics of TEA on Engineered Wood Products

Techno-economic analysis (TEA) is a commonly adopted tool
to evaluate the technical performance and economic feasibility
of a process, product, or service,”*>*7317=319 TEA can support
decision-making processes by providing both technical and
economic information.*” Figure 19A shows the TEA framework
proposed by Zimmermann et al., which has similar phrases as the
LCA framework and includes goal and scope, inventory,
calculation of indicators, and interpretation.”*® The goal and
scope definition phase usually includes main questions, intended
uses, limitations, audiences of the analysis, system boundary,
indicator selection, analysis methods, and other elements.”>®
Typical TEA indicators include technical indicators (e.g., energy
demand, energy efficiency, conversion rate, material demand,
technological maturity, and technological advancement),
economic indicators (e.g., capital expenditure, operating
expenditure, net present value, internal rate of return, profit,
minimum_ selling price, and life cycle cost), and techno-
economic indicators (e.g., technology readiness
level).25#256:257:317=329 Eor instance, as shown in Figure 19C,
Lan et al. used the average delivered cost (minimum selling price
plus transportation cost) of CLT as the indicator to explore the
impacts of varied plant capacities and CLT demanding levels on
the economic performance.”’

In the inventory phase, the data requirements are defined;
technical data (e.g,, mass and energy demand and equipment
capacity) and economic data (e.g., material price, labor salary,
and equipment purchased price) need to be collected and
adjusted accordingly depending on the data requirement (e.g.,
specific year of analysis, region).”***'* In the calculation phase,
based on the prior two phases, the indicators will be calculated to
measure the technical and economic performance.”*® In the
interpretation phase, the quality, consistency, and robustness of
outcomes will be assessed, and conclusions and recommenda-
tions will be documented and reported.”*

10.2. TEA of Traditional Engineered Wood Products
TEA has been applied to analyze the economic feasibility and

main economic drivers of traditional engineered wood products.
For example, Laufenberg et al. studied the economic perform-
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ance of LVL and fiber-reinforced wood.”** The results showed
the high contribution of log cost (over 30%) to LVL and the high
contribution of glass fiber (over 33%) for fiber-reinforced
wood.**” Balasbaneh et al. estimated the life cycle cost of a
single-story building with five building frame material
combinations (i.e., hybrid concrete and timber, hybrid steel
stud and timber, LVL with steel, glulam with steel, and timber
and sandwich steel plate).*** The results implied that the hybrid
concrete and timber scenario was the most expensive due to the
high cost in the manufacturing and construction phase.”** In
addition, using engineered wood products (LVL or glulam) had
higher costs in the manufacturing and construction phases than
timber scenarios, resulting in their higher life cycle costs.”**
TEA has also been utilized to investigate the impacts of
technical parameters and economic parameters on the economic
performance of wood products.”>”***** Common studied
technical parameters include plant capacity,””**® ener
demand,””**® material usage,257 material loss/ eﬂiciency,257’328
transportation distance,”””*® feedstock quality,”>”**>**°

322
uct grade;

757,328,330
cost,

prod-
economic parameters can include feedstock
. . 257,328,330 :
material and fuel price, equipment
. : 322,328
internal rate of return or discount rate, labor
o 328 . 257
maintenance cost,”" waste disposal cost,”" and
257 .
market demand.”™" These analyses of parameter impacts are
: . ) e . 252,324
often coupled with scenario analysis or sensitivity analysis.

10.3. TEA of Emerging Wood Materials

TEA can help inform economically attractive designs for
emerging products.”>”'” TEA for new technologies often relies
on process-based models that provide mass and energy balance
data, the foundation of economic analysis. Using process-based
models also allows for quantitative linkages between process
parameters and economic analysis models, enabling in-depth
analysis for a better understanding of the relationships between
process/material design and overall economics. Those analyses
include scenario analysis, sensitivity analysis, uncertainty
analysis, and other needed analyses. For example, Zhang and
Lan developed the process-based simulation coupled with
economic analysis to study the economic feasibility of CLT
produced in the Southern U.S.**” The scenario analysis results,
as shown in Figure 19C, illustrate that expanding the plant
capacities from 30 000 to 150 000 m®> CLT/year decreases the
average minimum selling price from $571 to $376/m? but does
not necessarily reduce the delivered cost due to increased
transportation cost.”>’ Similar trends were reported by Brandt et
al.**® where larger plant capacity reduces the minimum selling
price of CLT by 18%.%”® Zhang and Lan also used sensitivity
analysis and their results show that the minimum selling price of
CLT is susceptible to lumber price change and lumber preparing
loss.”®” Wijeyekoon et al. conducted a TEA coupled with risk
analysis for co-producing bark briquettes and tannin adhesive
from Radiata pine bark in two systems, a standalone plant, and a
colocated symbiosis plant.*>' The two process designs were
simulated by the process-based models and coupled with a
discounted cash flow analysis.”>' The analysis shows that the
colocated symbiosis plant has better economic performance due
to lower feedstock price, cheaper geothermal energy, and
process integration with a future plywood mill (e.g., using tannin
as a structural adhesive in the plywood mill).**" These benefits
enabled a 41% reduction in total capital investment. Risk
analysis by varying the parameter values, suggests that technical
improvement (e.g., increasing tannin yield, decreasing hot water
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usage) reduces more overall costs than a material price
reduction.”

11. ENGINEERED WOOD PRODUCTS IN
CONTEMPORARY, STATE-OF-THE-ART
BUILDINGS

Historically, wood has been a popular choice as the construction
material in low-rise buildings and infrastructures (e.g., bridges).
Natural, unmodified wood products continue to be used for
construction, typically in the form of dimension lumber found in
species, grade, and sizes listed in standards like the NDS
Supplement.”* In addition, heavy timber sizes measuring at
least S in. in each cross-sectional dimension continue to be used
for construction, although heavy timber requires larger diameter
trees that are less sustainable. For almost a century, engineered
wood products have proven to be more efficient and sustainable
than heavy timber, by transforming smaller wood constituents
into more homogeneous composite structural components.
Currently, three primary categories of engineered wood
products are used for buildings. The first category includes
structural panel products like plywood or oriented strand board
(OSB) that are used to sheath floors, roofs, and walls for bracing
the framing members and transferring lateral forces, typically
generated from wind or seismic events, through the plane of
sheathing. The second category includes structural composite
lumber, like laminated veneer lumber (LVL). The third category
of engineered wood products is known as mass timber, which
includes glulam,333 CLT,** nail-laminated timber (NLT) 3% or
mass plywood panels (MPP).>*® In contemporary construction,
mass timber is the most revolutionary category of engineered
wood products because it enables timber construction to span
farther and rise taller than conventional light-frame wood
structural systems.

11.1. The Rise of Mass Timber Engineered Wood Products
and Potential of Modified Wood Enhancements

Modified wood has the potential to significantly improve both
strength and stiffness of EWPs, with strategically placed
reinforcement. Mass timber is the most revolutionary set of
EWPs that has burgeoned over the past decade and made it
possible for wood construction to rise to three times the height
of conventional light-frame wood construction. Modified wood
products, like Superwood,”*” can push the limits of height and
spans even further. “Mass timber” defines a class of laminated
wood structural products that are glued, nailed, or doweled
together to produce structural framing and panels comparable to
precast concrete in size but typically at lighter weight.”*® In
contrast to heavy timber which requires large-diameter trees to
achieve monolithic column and beam sizes, mass timber uses
large volumes of dimensional lumber, from smaller-diameter
trees, glued together to produce structural components.
Laminating lumber makes it possible to surpass the heavy
timber sizes, disperses natural defects of wood, and reduces the
variability of the mechanical properties™ so that the effects of
an individual lamination are muted relative to the behavior of the
whole composite.

Two main types of products have risen to the forefront of the
mass timber category in recent construction, glulam, and CLT.
Glulam aligns the lumber laminations in the same direction in
every layer, whereas CLT typically aligns laminations
perpendicular in each new layer. As a result, glulam is most
effective for columns, beams, truss members, arches, and other
structural frames’> that need strength and stiffness primarily in
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Figure 22. Glulam structural (A) column, (B) beam, and (C) arch components. Arrows represent the directions of the load. Vertically oriented CLT
panel in (D) wall and (E) edgewise bending loading configurations. (F) CLT panel in the simple span of flatwise bending along the major strength
direction, with standard 3-ply, S-ply, and 7-ply layups. (G) CLT panel in the simple span of flatwise bending along the major strength direction, with a
standard S-ply layup, standard 7-ply layup, and Superwood-reinforced layup. (H) Construction of Ascent (Milwaukee, WTI).

one direction. CLT panels apportion strength and stiffness in
orthogonal directions, which serves planar structural elements
like slab or wall panels.

Glulam has been used in structures for nearly a century.
Glulam is most often manufactured in linear columns and beams
but can readily achieve tapered or curved forms by controlling
the length, thickness, and placement of laminations. Typical
sizes for glulam members range between 65—310 mm (21/2 to
121/4 in.) in width and (51/2 to 601/2 in.) in depth,”*’ and
larger custom sizes are commonly built by laminating units of
standard size. The column configuration of Figure 22A primarily
sustains uniform axial stresses, so column layups typically use
uniform species and wood grades throughout the glulam cross-
section. A similar principle applies to the arch of Figure 22C,
which primarily resists the applied loads via uniform axial
compression. The beam of Figure 22B, in contrast, varies in
stress across the cross-section, under the applied loads.
Therefore, beams commonly lay up stiffer and stronger
laminations in the top and bottom layers to resist stresses and
deformations induced by bending. Because wood is weakest in
tension, the tension laminations are carefully graded to improve
the modulus of rupture of the beam.**'

CLT presents similar opportunities to optimize layups,
according to loading applications. Figure 22F illustrates one of
the most common loading configurations of a simple span CLT
panel in flatwise bending. Figure 22F illustrates the general panel
width (WP), length (LP) , and thickness (tp) parameters.
Standard layups of three, five, and seven plies have thicknesses
that range between 105 and 245 mm (4'/¢ to 9°/gin.), as shown
in the cross-sectional diagrams of Figure 22F. Loadbearing wall
panels, as shown in Figure 22D, are sized only considering the
area of laminations with wood fiber oriented parallel to the axial
compression loads shown at the top of the wall.”** Therefore,
laminations oriented transversely to the applied axial loads are
deemed ineffective in the axial load bearing area yet necessary to
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provide the flexural resistance that makes the wall panel less
susceptible to compression buckling.”** Openings that are often
necessary in wall panels lead to the edgewise bending
configuration of Figure 22E. In edgewise bending, the transverse
laminations aligned with the minor strength direction of the
panel take on primary importance, while the laminations
oriented in the vertical, strong direction of the panel contribute
a minor amount of stiffness and strength capacity.”**

Today, this combination of linear glulam and planar CLT
mass timber components seems naturally complementary, but
each product developed during a different historical era.
Originating in 19th century Europe and introduced to the
United States in 1930,>*° glulam is still produced on every
continent where timber construction is commonplace. The
original glues used for glulam timber were based on animal
proteins, until the widespread adoption of phenol resorcinol
formaldehyde (PRF). From a manufacturing perspective, PRF
makes lamination of softwoods easy because it requires only
room temperature curing under clamping pressure. Charring
glulam adhered with PRF has been widely considered equivalent
to solid heavy timber, so concerns over structural wood
adhesives had been put to rest, until the development of new
products like CLT.**’

CLT originated in Europe only a few decades ago. CLT has
since developed into a solid wood panel with the size and
versatility of precast concrete, used in walls and floors, but at
significantly less weight and carbon footprint than most concrete
panel products.’*® In contrast to glulam, which can be
mechanically clamped with manual equipment and incorporate
radio-frequency (RF) curing, the wider dimensions of CLT
typically require hydraulic presses, polyurethane (PUR)-based
adhesives, and digitally controlled manufacturing to feasibly
process the volumes of wood required for CLT production. The
CLT Handbook provides a concise overview of CLT
manufacturing procedures,347 and the North American Standard
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Table 1. Comparisons of Effective CLT Panel Stiffness, Configured in Flatwise Bending of the Major Strength Direction, Between

Standard and Superwood-Reinforced Layups®

Standard Superwood-
5-ply 7-ply Reinforced Enhanced Superwood
ty 175mm 245 mm 175mm Panel Stiffness
CLT % Difference from
Elegro Elegro standard
Layup (Ibr-in/ft of (Ib-in./ft of width) 5-ply 7-ply
width)
El 440 1089 1037 +136 -4.8
E2 389 963 1006 +159 +4.5
E3 311 769 958 +208 +24.6
E4 440 1089 1037 +136 -4.8
\4! 415 1027 1021 +146 -0.6
V2 363 898 990 +173 +10.2
V3 363 899 990 +173 +10.1

“(11b; = 4448 N; 1 in. = 25.4 mm.)

for Performance-Rated Cross-Laminated Timber**® provides
detailed specifications regarding steps in the manufacturing
process, including testing and quality assurance. While many
lamination requirements essentially carry over from glulam
standards,”* the layup of CLT in orthogonal directions and new
adhesive choices urged new requirements.

CLT manufacturing commonly used PURs as a laminating
adhesive to decrease the clamping and curing times. PUR bonds,
however, typically do not maintain integrity under moisture or
fire quite as well as PRF adhesives.” Delamination of CLT
during fire tests led to the mandatory annex B, Practice for
Evaluations Elevated Temperature Performance of Adhesives Used
in Cross-Laminated Timber.”** Because the scale and costs of
such full-scale qualification tests are considerable, Miyamoto et
al.**" developed a small-scale screening test to evaluate whether
various adhesive formulations could match the integrity of solid
timber when subjected to lap shear loads at temperatures
approaching the 300 °C char temperature.

While glulam has been featured in architectural structures for
nearly a century, the emergence of CLT panels revitalized mass
timber construction. During the early part of the 21st century,
the SOFIE project developed a comprehensive research plan for
fully panelized CLT building archetypes that culminated in a
seismic shake-table test of a 7-story prototype building in
Japan.”®* The construction of 9- and 10-story apartments, in
East London’”* and Melbourne®* in the time frame between
2009 and 2011, represented the pinnacle, real-world applica-
tions, of this construction archetype, made entirely of CLT
panels. Each building respectively claimed a savings of 310°>
and 1645>°° metric tons of carbon dioxide, in terms of carbon
sequestered and avoided by using wood in place of steel and
concrete.””’

The global proliferation of CLT has led to increasingly taller
timber construction over the past decade. To keep pace with
these rapid developments, the 2021 edition of the International
Building Code developed new classifications for type IV mass
timber structures up to 18 stories tall.”*® A series of full-scale
compartment fire tests conducted in ATF laboratories provided
a research basis for establishin§ these code limits.”” Preferences
among commercial architects’* of North American buildings,
however, have trended away from fully panelized CLT structures
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toward post-and-beam archetypes that support CLT deck panels
on glulam framing. As a greater variety of mass timber building
schemes emerged, Foster et al.**" proposed to classify this broad
assortment of tall wood construction. To date, the tallest realized
mass timber glulam/CLT structures have risen to heights of 18
stories and taller in North America.**>**Figure 22H is a
photograph of the Ascent building, taken in September 2021
during its construction. The upper 18 stories use mass timber
glulam framing and CLT decks that are laterally supported by a
reinforced concrete stair-and-elevator service core. This
juxtaposition of structural systems exemplifies the efficiency of
a hybrid concrete and mass timber superstructure. To expose
more of the mass timber frame to view and save on the use of
gypsum wallboard that is prescribed for fire protection, 3 h fire
tests of glulam columns were conducted at the USDA, Forest
Products laboratory, to experimentally determine char rates of
glulam columns exposed on four sides.”** The findings of these 3
h column tests will be the subject of a forthcoming publication
and proposed updates to current guidelines for fire endurance
calculations.***

Despite increased acceptance of mass timber in recent
editions of building codes®® and reference standards,® the
construction of multistory timber buildings today rarely relies on
an entirely wood structure. Reinforced concrete cores are
commonly used in multistory buildings, from midrises to
skyscrapers, to provide lateral stiffness and robust enclosures for
egress.”®” Most wood volume used in this hybrid construction is
in the floor systems, which have dual functions. CLT decking
panels must transfer gravity loads to the structural frame and act
as a diaphragm in the plane of the floor or roof level to transfer
lateral loads, typically induced by wind or seismic forces, to
vertical “spines” of the building. Full-scale testing of CLT
diaphragms and full-scale seismic shake-table testing of two-
story mass timber structures have been conducted relatively
recently in North America to develop design parameters and
validate analysis procedures.***™*”" The two-story mass timber
structures of the UC—San Diego shake-table tests swapped three
types of CLT shear walls, to develop vertical components of the
lateral force-resisting systems. The first CLT shear walls tested
avoided damage by rocking controllably, using vertically post-
tensioned rods for restraint.”’> The second set of CLT shear
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walls rocked more passively on sacrificial spring-dampers that
demonstrated similar seismic resilience, which would require
only replacement of the spring dampers to restore the structure
to service postearthquake.””” The third set of shear walls tested
rocked to engage interstitial metal connectors between panels
for enhanced ductility.””* In contrast to the other shear walls
that vertically span multiple floors, this shear wall system was
developed for platform construction assembly of CLT buildings,
which stacks complete floors, and was among the first cohort of
new structural systems to develop according to FEMA P695
methodology that requires rigorous assessment of ground
motions, numerical analysis methods, test data, design criteria,
and peer review, to determine seismic design parameters.””**”
For a performance-based seismic design option that strives to
exceed minimum building code expectations, plans to test the
vertically post-tensioned CLT rocking walls in a 10-story shake-
table test are underway”’*’® and scheduled to take place in
early 2023. While entirely mass timber structures up to 18 stories
tall have been recently constructed in low-seismic regions of
Europe,””” research in North America will establish a range of
seismic performance options that can be located in regions of
moderate and high earthquake risk.

By leveraging the recent advances in both laminated wood
products and novel wood modification methods, extended
applications of wood-based structural materials can be expected.
The Timber Tower Research Project®® has shown that mass
timber could significantly lower the carbon footprint of taller
high-rises, but enhancements to fire protection, ductility of
connections, reliable glued-in rods, and stiffer floors are needed
to realize this vision.**' As introduced in section 4.1, researchers
at the University of Maryland have devised a scalable process
that can directly transform natural wood into high-performance
Superwood,”” which features a 10—20-fold increase in strength
and stiffness, as well as superb dimensional stability against
moisture. Accordingly, Superwood can be incorporated into
CLT panels as the top and bottom tension lam,**” significantly
enhancing flexural stiffness of CLT and extending limits of span
length. Figure 22G shows a simple span of a CLT panelloaded in
flatwise bending in the major strength direction, and Table 1
compares the effective stiffness values in the major direction of
standard and Superwood-reinforced layups, as determined using
the shear analogy method.**® For the same $-ply depth, the
Superwood reinforced option increases the stiffness by 136 to
208% over the standard CLT panel. When compared to
standard layups of 7-ply CLT, the shallower Superwood-
reinforced nearly matches the stiffness of the 7-ply standard.
Again, the benefit is greatest in the E3 layup, where the modulus
of elasticity of Superwood exceeds the standard lamination by
over 6 times. The shallow Superwood-reinforced option is
nearly 25% stiffer than the standard 7-ply E3 layup. Therefore,
the Superwood-reinforced CLT may span the same distance as a
standard 7-ply CLT panel while reducing 70 mm (2—3/4 in.) of
floor depth. Adding 10 mm of Superwood layers, as shown in
Figure 22G, in other words, adds the stiffness of two standard
laminations without adding structure depth.

The enhanced stiffness of Superwood may alternatively
lengthen spans while maintaining the depth of a standard
CLT panel.””” For a uniformly loaded simple span floor of
standard 175 mm depth, the Superwood-reinforced panel can
span 25% longer than the standard E3 panel layup. Through
more development of chemical processes and adhesive
formulations, there is ample opportunity to further enhance
the fire endurance, stiffness, and connection ductility of CLT
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structures. Ultimately, this may improve the sustainability of
mass timber construction to an even greater extent, by allowing
for more wood substitution of conventional materials.

11.2. Limitation of Engineered Wood Products in Current
Applications

Architects have generally expressed a favorable outlook on
engineered wood products’***** and mass timber’® in
particular. Despite recent growth in height achieved by mass
timber structures, engineered wood products must overcome
challenges associated with durability and fire risks to continue
expanding limits. In addition, wood structural systems generally
lack the stiffness and ductility of reinforced concrete and steel
alternatives that have been developed over decades of research.
For sustainability, replacing floor construction with timber
alternatives has the maximum effect of reducing environmental
impact because floor construction typically accounts for the bulk
of building materials in a multistory building.”** Therefore, mass
timber floor structures have the greatest potential to enhance the
sustainability of buildings in the current marketplace. The
building envelope typically accounts for the next greatest
amount of building materials in a multistory building. Here,
wood substitutions are more challenging because of durability
and fire concerns, although there is precedent for both
residential and commercial use of wood-based composite**®
and chemically modified wood products such as acetylated
wood.**’

Anywhere wood products may be wet because of direct
exposure to the elements or breaches of the building envelope
merits careful consideration of moisture control.”® Wetting
during construction, furthermore, may have lasting impacts on
durability, and the drying performance of the building
component in a real construction site has been investigated in
a few case studies.”® A recent study about multistory mass
timber buildings equipped with moisture sensors shows CLT
roof and floor panels covered with vapor-impermeable
membrane dried slower than glulam columns exposed to indoor
air.”” The time it takes to completely dry CLT structures wetted
during construction has not been conclusively determined and
should be further studied, also to evaluate the possible size
change induced by different drying speeds.

Because almost all construction materials suffer damage from
prolonged exposure to fire, fire resistance is one of the major
concerns for all kinds of buildings. The 2015 National Design
Standard for Wood Construction®” updated the fire design
provision chapter by adding the CLT char rate equation to
calculate fire resistance. While wood poses unique fire risks
because it is combustible, wood also has uniquely inherent fire
protection. Charring forms an insulating layer that slows the
rates of burn and lowers the temperature behind the charred
front. The 2021 International Building Code (IBC)** included
new provisions for mass timber construction that allow the
buildings to be up to 18 stories in height with gypsum wallboard
on all timber elements. To fulfill prescriptive code requirements,
wooden buildings need sprinkler fire suppression systems, just
like current nonwooden high-rise buildings and gypsum
wallboard, encapsulation of all timber elements to meet the
maximum fire-resistance rating. Driven by strong demand in the
marketplace to aesthetically feature wood structural compo-
nents in the North American marketplace, there are ongoing
efforts to examine the fire performance of mass timber where

greater amounts of CLT and glulam are exposed to view.””' ~***
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For improved structural performance, mass timber systems in
particular need greater stiffness and ductility to overcome the
limitations of the natural materials. This may be accomplished
with chemical modifications to the wood materials or by novel
connection detailing. Glued-in steel rods have long been
proposed as a detailing solution for mass timber that could
add stiffness and ductility to connections.”®** In addition,
glued-in rods would facilitate the interface of wood with
concrete structural materials that can be site-cast around the
metal rods. Reliability of the installation and the ability to
withstand fire and water infiltration, however, have impeded the
implementation of glued-in rods on an industrial scale. Glued-in
rods, therefore, pose one major area where advances in adhesive
chemistry formulations may help expand the use of timber
structural products. Durability, fire, and structural performance
are interrelated, so approaching these challenges from a
chemical perspective may lead to solutions that will enhance
the performance of wood products and, in turn, improve the
sustainability of building construction.

12. CONCLUSION AND PERSPECTIVES

A total of >10 billion metric tons of CO, removal is achievable at
a global scale by trees." This removal constitutes 25% of the
global CO, emissions in 2019." Therefore, widespread
implementation of engineered wood products is needed to
maximize carbon storage in buildings. Herein, the development
of advanced products with enhanced properties hinges on a
fundamental study of the process—structure—property relation-
ships of natural and engineered wood. The complex structure of
wood highly depends on the wood species and growth
environment, providing a wide variety of material choices.
However, this complexity also presents a challenge in
investigating this material. The robust cell walls of wood are
composed of three biopolymer components (cellulose fibrils,
hemicelluloses, and lignin), which are interwoven and bonded to
form a natural fibril-based composite. Therefore, the perform-
ance and characteristics of wood are governed by the alignment
of the cellulose fibrils as well as their interactions with lignin/
hemicelluloses. Keeping the alignment of cellulose fibrils in the
anisotropic wood is crucial to achieving outstanding properties
(e.g., aligned cellulose fibrils have more contact areas providing
high mechanical strength, and aligned channels can enable rapid
ion transport). In this regard, in situ wood modification can
open nanoscale pores within the cell walls and/or modify the
molecular cellulose chains while maintaining the overall
anisotropic structure of wood.

Environmentally friendly, economically competitive, and
sustainable wood materials require novel processes and
manufacturing of advanced wood structures. The products,
feedstocks, and manufacturing processes should follow the
principles of green chemistry, taking into account recyclability
and environmental benignity across the life cycle of the raw
wood materials and chemicals used.””® In this aspect, in situ
chemical and physical processes can be used to manipulate the
chemical structures and spatial distributions of the three
components (lignin, hemicelluloses, and cellulose) in different
types of feedstocks (e.g., wood chips, thin veneer, and bulk wood
timber) to achieve the desired structures, properties, and
performance of the advanced wood products. Guided by green
chemistry principles in the selection of feedstocks, chemicals,
solvents, and processes, green processes that use lower amounts
of resources and generate minimal wastes but high-value
coproducts can be developed.””” What is more, manufacturing
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science and technology should be studied to realize green,
scalable, and closed-loop mass production of advanced wood
products. To achieve this goal, system-level analysis and
optimization of wood treatment and manufacturing can be
conducted from a sustainability and life cycle perspective.
Different environmental impact categories (e.g., GHG emissions
including CO,, human health impact, energy consumption, and
resource depletion) and production costs can be considered
simultaneously through multicriteria decision analysis (MCDA)
to guide the process and manufacturing design toward the most
economically competitive and environmentally beneficial
direction.

To advance/develop new innovative engineered wood
products, a fundamental understanding of the wood chemistry
relying on multiscale, multicomponent characterization is
needed. With the development of high-resolution character-
ization tools, both in situ and ex situ, structural and dynamic
characterizations can be carried out at length scales from
subangstrom to submicrometer. For example, the structure of
cellulose in wood, including its crystallinity, crystal structure and
polymorphism, and preferred orientation of fibril crystals, can be
analyzed using wide-angle X-ray scattering (WAXS).*”* Nano-
scale structures, such as the shape and size of the microfibrils and
fibril bundles, the packing and alignment of the fibril structures,
etc., can be characterized by small-angle X-ray scattering
(SAXS).” By leveraging the nondestructive X-ray computed
tomography (CT) technique with machine learning for image
recognition, automatic and accelerated wood characterization,
and identification have been achieved.”” Cryogenic electron
microscopy (cryo-EM), which has been widely used in
biological science, can be used to visualize the cellulose structure
and provide detailed information about the cell wall structure.*"!
The information derived from these analytic tools is crucial for
controlling the in situ processing parameters, which lays the
foundation for boosting the performance of the final engineered
wood and maximizing its carbon sequestration capability.

Emerging artificial intelligence (AI) and machine learning
(ML) technologies can also be used to build a data-driven
discovery platform for the process—structure—property study of
advanced engineered wood. The current advances in ML and
data science not only promote the prediction of specific
properties of engineered wood but also uncover complex
process—structure—property correlations. Data mining methods
can also be utilized to search large data sets to identify effective,
reduced, data-driven descriptors that affect the targeted property
of advanced wood materials. Within the drastically lower-
dimensional parameter space, we can use the emergent active
learning concept along with ML algorithms to locate desired
wood species and suitable processing parameters to uncover the
correlation between the processing, structure, and properties of
the resulting engineered wood and enable rapid manufacturing
of high-performance advanced wood materials.

Understanding the potential environmental, economic, and
societal implications of new wood technologies across their life
cycles is therefore essential to maximize the potential benefits
and minimize risks. LCA and TEA analyses have demonstrated
powerful capabilities in advancing such knowledge. Previous
LCA and TEA studies have identified key process and supply
chain parameters that drive the environmental impact and
economic feasibility of wood products, informing material and
process optimization toward sustainabili'cy.311 However, pre-
vious studies have rarely considered social impacts. Further-
more, only a few studies have incorporated the dynamics of
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forest and management strategies for forest ecosystems. Future
research should focus on developing holistic sustainability
assessment tools, such as life cycle sustainability assessment, ***
and incorporating forest-specific dynamics (e.g, carbon and
market dynamics) into the material-level and product-level
assessment.

Finally, the following specific needs related to engineered
wood products should be taken into consideration for future
perspectives in this emerging field.

(1) Chemical wastes, such as black liquor, will be generated in
the fabrication processes of many wood products. How to
optimize the delignification/modification procedures and
achieve waste-free/closed-loop manufacturing without
compromising performance remains a grand challenge.

The insufficient diffusion of chemicals into the micro-
structure of wood may impede the large-scale fabrication
of engineered wood products. Moreover, manufacturing
challenges in reproducibility, performance uniformity,
and scaling to meet industry needs should be addressed by
considering the existence of knots and other defects in
wood.

Despite the decent performance of some engineered
wood materials, moisture-dependent swelling and shrink-
age will result in dimensional instability and irreversible
deformation/cracking. Additional treatments, such as
heating, painting, finishing, and surface modifications
should be used and evaluated to diminish such adverse
effects and prolong the lifespan of engineered wood-based
products exposed to the weather.

The dominant adhesives used in conventional wood
products, such as formaldehyde-based resin, tend to
release volatile organic compounds or even cancerogenic
gases during the manufacturing or service life of products.
Green and durable adhesives are needed without
sacrificing the recyclability, reusability, and functionality
of the final products.

The biodegradability of engineered wood products could
also be an impediment, resulting in excessively fast
degradation under direct exposure to weather elements.
More research is needed to strike the balance between
durability during service life and biodegradability for
disposal.

Evaluations of the antifungal, antitermite, fire-resistant,
and moisture-resistant properties per applicable building
codes or performance standards are required before the
rollout of novel wood products.

(7) Accurate, nondestructive, and low-cost methods have yet
to be developed to comprehensively monitor the
performance/characteristics of engineered wood over
time using. Meanwhile, similar assessments that are
reliable and easily implemented are needed to evaluate
damaged and deteriorated wood products.

It is necessary to achieve sufficient retention of carbon
storage over the service life of wood products and
minimize end-of-life emissions where possible by design-
ing wood materials for reuse, repurposing, and/or
recycling.
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