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ABSTRACT  The bui ding sector, inc uding bui ding operations and materia s, was 
Mechanical I 

responsib e for the emission of ∼11.9 gigatons of g oba  energy-re ated CO2 in 2020, 
accounting for 37% of the tota  CO2 emissions, the  argest share among diferent sectors. Therm 

Lowering the carbon footprint of bui dings requires the deve opment of carbon-storage 
materia s as we   as nove  designs that cou d enab e mu tifunctiona  components to achieve 
widespread app ications. Wood is one of the most abundant biomateria s on Earth and has 
been used for construction historica  y. Recent research breakthroughs on advanced 
engineered wood products epitomize this materia ’s tremendous yet  arge y untapped 
potentia  for addressing g oba  sustainabi ity cha  enges. In this review, we exp ore recent 
deve opments in chemica  y modifed wood that wi   produce a new generation of Energy 

engineered wood products for bui ding app ications. Traditiona  y, engineered wood 
products have primari y had a structura  purpose, but this review broadens the c assifcation 
to encompass more aspects of bui ding performance. We begin by providing mu tisca e design princip es of wood products from a 
computationa  point of view, fo  owed by discussion of the chemica  modifcations and structura  engineering methods used to 
modify wood in terms of its mechanica , therma , optica , and energy-re ated performance. Additiona  y, we exp ore  ife cyc e 
assessment and techno-economic ana ysis too s for guiding future research toward environmenta  y friend y and economica  y 
feasib e directions for engineered wood products. Fina  y, this review high ights the current cha  enges and perspectives on future 
directions in this research fe d. By  everaging these new wood-based techno ogies and ana ysis too s for the fabrication of carbon-
storage materia s, it is possib e to design sustainab e and carbon-negative bui dings, which cou d have a signifcant impact on 
mitigating c imate change. 
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1. INTRODUCTION 

C imate change due to anthropogenic emissions of greenhouse 
gases is posing a mounting threat to human we fare and the 
hea th of the p anet. G oba  CO2 emissions tota  ∼36 bi  ion 
metric tons every year, primari y from the burning of fossi  fue s.1 

As a resu t, the g oba  annua  average temperature has risen by 
over 0.7 °C between 1986−2016 in comparison to the period of 
1901−1960.2 Furthermore, petro eum-based materia s are 
nonrenewab e, forcing the chemica s and materia s industry to 
pivot to renewab e resources. Addressing these daunting 
cha  enges toward a sustainab e future requires immediate 
action via the deve opment and use of renewab e materia s with 
 ow or even negative carbon footprints. Wood features 
promising structura  and functiona  properties with added 
environmenta  benefts. As such, it provides a mu tifaceted 
so ution to sustainabi ity cha  enges. 

Trees are abundant and g oba  y p anted, with ∼3 tri  ion trees 
on Earth (equiva ent to 3 ∼400 trees/person, Figure 1). It is 
estimated that 1.8 kg of CO2 can be removed from the 
atmosphere per kg of dry wood via photosynthesis.4 Therefore, 
both the Intergovernmenta  Pane  on C imate Change (IPCC) 
reports and Paris Agreement underscore the importance of 
promoting forest conservation and enhancing forest carbon 
stocks to rea ize net zero anthropogenic emissions.5 Between 
2001 and 2019, g oba  forests annua  y absorbed ∼15.6 bi  ion 
metric tons of CO 6

2 from the Earth’s atmosphere.  However, 
deforestation, wi dfres, and other disturbances emitted ∼8.1 

bi  ion metric tons of CO2 each year.6 Improving the 
performance of wood products to match or even outperform 
traditiona  nonrenewab e counterparts cou d promote the use of 
renewab e wood sources and improve forest management.1 

In addition to the superior carbon sequestration capabi ity, 
wood is attractive for structura  app ications, as it has a unique 
hierarchica  structure made of ∼40% ce  u ose embedded in a 
matrix of hemice  u oses and  ignin.7 The ce  u ose e ementary 
fbri s in wood, with diameters of ∼3 nm, exhibit outstanding 
materia  properties for a broad range of app ications,8 for 
examp e, demonstrating a tensi e strength as high as 7.5 GPa in 
the crysta  ine form, which is higher than most meta s and 
a  oys.9 However, conventiona  bottom-up approaches for 
extracting ce  u ose fbri s from wood and other p ant biomass 
require signifcant energy, chemica s, and water, u timate y 
cha  enging the sustainabi ity of the materia .10,11 A ternative y, 
the top-down in situ modifcation of the natura  wood structure 
(e.g., se ective y removing  ignin and/or hemice  u oses by 
chemica  treatment) is a  ess energy and resource-intensive 
process to transform natura  wood into strong structura  
materia s. This approach can a so open nanopores within the 
ce   wa  s and between the ce  u ose mo ecu ar chains whi e sti   
maintaining the overa   anisotropic structure of wood, and such a 
specia  structure enab es a broad range of app ications. 
Therefore, the top-down engineering method makes it possib e 
to fabricate unique wood-based structures for a new c ass of 
sustainab e, advanced structura  materia s that feature excep-
tiona  properties, especia  y in terms of mechanica  performance 
for construction app ications (Figure 1).12,13 

Historica  y, wood was one of the ear iest structura  materia s 
emp oyed by humans and has remained a wide y used, 
biodegradab e construction materia , with annua  consumption 
increasing from 5.2 mi  ion metric tons in the 1950s to 6.4 
mi  ion metric tons in the 1990s.14 Current y, nove  engineered 
wood products continue to be deve oped and introduced into 
the construction marketp ace, spurred by the g oba  y increasing 
demand for sustainab e and economica  housing. Innovative 
engineered wood products with superior performance make it 
possib e to bui d even high-rise bui dings.14 For examp e, the 25-
story Ascent bui ding, recent y constructed in Mi waukee, 
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 ta  est mass timber structures in the wor d 
and makes Ascent the ta  est residentia  tower most y 

Figure 1. Carbon impact of using wood for bui ding app ications. There are around 3 tri  ion trees on earth, which can give rise to the carbon impact of 
−7.6 GtCO2e yr−1 by estimation and a  eviate the g oba  warming issue. Modifed wood products can not on y be used as structura  materia s but a so 
for therma  management,  ight management, and energy conversion app ications. Moreover, manufacturing, recyc abi ity, LCA, and TEA shou d be 
considered to meet the requirement within the context of bui ding app ications. 
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constructed of wood. It is projected that the annua  demand for 
engineered wood products cou d reach >20 mi  ion metric tons 
in 2030.14 

In this review, we discuss nove  modifed wood products for 
construction app ications a ong with ways modifed wood can be 
incorporated into engineered wood products for improved 
performance. For c arity in this paper, an engineered wood 
product (EWP) is defned as wood product that is manufactured 
by g uing or fxing the strands, partic es, fber, veneers, or boards 
of wood together. EWPs are fabricated and tested according to 
approved nationa  or internationa  specifcations or standards to 
ensure durab e, structura  performance. With sca ed-up 
production, chemica  y and mechanica  y modifed wood has 
the potentia  to enhance performance, decrease costs, and 
therefore boost economics. Besides economy, the eco benefts of 
durab e wood bui ding products enab e sma  er carbon foot-
prints of construction and faci itate net negative carbon emission 
objectives. Herein, we exp ore recent progress in the fe d of how 
modifed wood is used within the context of carbon storage in 
bui dings. Our fundamenta  understanding of the intrinsic 
properties of wood is discussed to high ight examp es of 
mu tisca e structura  design, processing, and app ications. 
Moreover, insights from mode ing across mu tisca es are 
covered to guide the optimization of new wood-based products 
in terms of mechanics. Subsequent y, we critica  y ana yze 
various chemica  modifcation approaches to fabricating 
modifed wood by fo  owing the princip es of green chemistry. 
The resu ting performance of modifed wood in terms of 
mechanica , therma , optica , and e ectrochemica  properties is 
e aborated as we  . We then discuss the carbon and environ-
menta  impacts of engineered wood products based on  ife cyc e 
assessment (LCA) studies, especia  y recent deve opment in 
dynamic LCAs, which track tempora  changes of carbon fows 
associated with forest ecosystems and bui dings. Furthermore, 
we ana yze the existing techno-economic ana ysis (TEA) of 
engineering wood products and high ight the main factors 
driving economic feasibi ity. Fina  y, current cha  enges and 
future perspectives are discussed. We hope that this time y 
review wi   not on y provide a guide ine to design advanced 
wood products incorporating modifed wood for bui ding 
app ications but a so promote more interest to bui d a 
sustainab e future. 

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

In natura  wood, ce  u ose, hemice  u oses, and  ignin are the 
three major bui ding b ocks. They p ay diferent ro es in the 
resu ting mechanica  properties of the wood. A ce  u ose 
mo ecu e is a  inear chain of tens of thousands of anhydrog ucose 
units connected by β-1,4 g ycosidic bond.15,16 The ce  u ose 
e ementary fbri s contain both crysta  ine and paracrysta  ine 
regions. The crysta  ine region is conserved by stacked para  e  
ce  u ose chains to each other and bound via inter- and 
intrahydrogen bonding. In the paracrysta  ine region, abundant 
twists and distortions exist in between ce  u ose chains that a ter 
the ordered arrangement. Fai ure of wood materia s often 
derives from the s iding of these mo ecu ar chains.17,18 Thus, the 
 ength or the degree of po ymerization of the ce  u ose chains 
p ays an important ro e in dictating the strength and toughness 
of wood.19 Hemice  u oses consist of numerous branched 
po ysaccharides.15 Softwood is rich in ga actog ucomannans, 
whi e hardwood main y contains g ucuronoxy an.20 Lignin is one 
of the three major components of wood, with a content of 15− 

30%, depending on the species. Lignin p ays critica  bio ogica  
and structura  ro es in p ants. It is part of the p ant defensive 
system protecting against degradation by insects, pathogens, and 
UV radiation. Lignin a so provides the ce   wa   with hydro-
phobicity, preventing water permeation and thus he ping wood 
tissue to transport water, nutrients, and photosynthesis 
products. In addition,  ignin functions as a binder ho ding the 
ce  s (fbers) together to form a strong and tough wood matrix. 
These three ro es of  ignin confer to p ant biomass strong 
resistance against chemica  and enzymatic degradation. Lignin is 
an amorphous po ymer composed of three bui ding units 
(guaiacy , syringy , and p-hydroxypheny ).21 Syringy  units 
dominate in hardwood  ignin, whi e guaiacy  units in softwood 
 ignin.19,21,22 Furthermore,  ignin is usua  y cova ent y bound 
with hemice  u oses and forms  ignin−carbohydrate com-
p exes.22−24 It has been confrmed that there are eight diferent 
types of  ignin−carbohydrate (L−C) bonds, inc uding benzy  
ether, benzy  ester, g ycosidic or pheny  g ycosidic, hemiaceta  or 
aceta   inkages, and feru ate or diferu ate esters that are  inked to 
 ignin at 4-OH and 4-O positions.23,25,26 The matrix of 
intertwined hemice  u oses and  ignin, name y  ignin−carbohy-
drate comp ex (LCC), gives rise to the abundance of hydrogen 
bonds and thus resu ts in high adhesion energy with ce  u ose 
microfbri s. Their synergistic interaction determines the 
strength and stifness of ce   wa   fbri .16,27−29 Overa  , the 
iso ated and co  ective mechanica  behavior of these three 
bui ding b ocks, as we   as the interactions between them, 
direct y afect the mechanica  properties of natura  wood and 
modifed wood. 

However, it remains a cha  enge to use experimenta  methods 
to direct y characterize and visua ize the interna  interaction in 
the bui ding b ocks of wood materia s, the evo ution process of 
bonding and fai ure within and in between the bui ding b ocks 
under  oading conditions, and the transition states between 
origina  natura  wood and modifed wood that is chemica  y 
treated, especia  y at sma   sca es (e.g., the mo ecu ar- and 
nanosca e). To this end, computationa  mode ing is wide y 
uti ized to reso ve such a cha  enge. This section main y 
summarizes the research progress on understanding and 
tai oring the mechanica  properties of natura  and engineered 
wood through mu tisca e mode ing (Figure 2): at the mo ecu ar 
sca e (by density functiona  theory (DFT) simu ation), fbri  ar 
sca e (by c assic mo ecu ar dynamic (MD) simu ation), micro-/ 
mesosca e (by coarse-grained (CG) MD simu ation), and 
macrosca e (by fnite e ement mode s (FEM)), with a specia  
focus on the interactions between the bui ding b ocks at such 
sca es. 
2.1. Molecular Scale 

This subsection focuses on the fundamenta  mechanisms that 
govern the interactions in ce  u ose, hemice  u oses, and  ignin at 
the mo ecu ar sca e, as revea ed by DFT and MD simu ations of 
the basic units of these three bui ding b ocks of wood materia s. 
Hemice  u oses have been bare y studied at the mo ecu ar 
sca e.30 Thus, this subsection wi   review main y ce  u ose and 
 ignin. 

Ce  u ose 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 
bui ding b ocks (anhydrog ucose units) is crucia  in under-
standing the mechanica  properties of modifed wood. The 
ce  u ose chains are main y bonded together via hydrogen bonds 
between the hydroxy  groups in neighboring g ucose units. The 
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s iding fai ure process of a wood materia  nanostructure invo ves 
a cascade of events of hydrogen bond formation, breaking, and 
reformation in neighboring ce  u ose chains (Figure 3A), which 
can be captured by the energy variation of the mo ecu ar 
simu ation mode .31 For examp e, the decrease and increase of 
energy correspond to the breaking and reformation of hydrogen 
bonds, respective y. 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 readi y form when the new 
hydroxy  groups come c ose to each other upon further s iding 
deformation, as evidenced by the rise of the energy curve from a 
 oca  trough. Such a cascade of events of breaking and 
reformation of the hydrogen bonds gives rise to the zigzag 
prof e of the energy curve, revea ing a unique toughening 
mechanism in modifed wood and ce  u ose-based materia s.31,37 

Given the hydrophi ic nature of ce  u ose and the po arity of 
water mo ecu es, water p ays a crucia  ro e in the bonding 
between ce  u ose chains. Figure 3B shows the hydrogen bonds 
a ong the ce  u ose interfaces without and with water 
mo ecu es.32 Water mo ecu es increase the distance between 
neighboring ce  u ose fbri s but faci itate the formation of 
ce  u ose−water−ce  u ose hydrogen bonds. Even though the 
sing e hydrogen bond between ce  u ose and water is weaker 
than that between the ce  u ose chains, the signifcant increase in 
the number of hydrogen bonds (ce  u ose−water−ce  u ose) 
efective y enhances the bonding, as evidenced by the increased 
index va ues of the average energy barriers in s iding (Figure 
3C). As a resu t, the average strength of the new y formed 
hydrogen bonds is 306% higher than that of the hydrogen bonds 
in the structure without water (as indicated by the red and b ue 
dashed  ines in Figure 3C). 

Ion interca ation is another efcient method to enhance 
intrinsic interaction between carboxy ated ce  u ose mo ecu es in 
chemica  y treated engineered wood. Carboxy ated ce  u ose 
interca ated with monova ent ions is  ess stab e than that with 
diva ent ions.38 However, Wi  iams et a . found that the ion 

va ency is not sufcient to exp ain the trends of the interaction 
between carboxy ated ce  u ose and meta  ic ions (Figure 3D).33 

In their DFT simu ations, transition meta  cations that 
interca ate between carboxy ated ce  u ose nanofbri s can form 
coordination-cova ent bonds with mu tip e carboxy ate −COO− 

groups on opposite fbri s, which is hard to form between the 
other meta  ic ions and fbri s. This is main y because of the 
unf  ed va ence d orbita s in the transition meta  e ements. In 
addition, Ca2+ can bond tight y with both −COO− groups and 
−OH groups of carboxy ated ce  u ose chains (Figure 3E),34 

which resu ts in a much higher binding energy of the cross- inked 
ce  u ose foam (Figure 3F). The higher binding energy endows a 
ce  u ose-based composite foam with better stabi ity and much 
higher compressive strength. Such an enhancement efect is a so 
found in the ge ation of ce  u ose so utions.35 In the process of 
physica  ge ation, the ce  u ose chains se f-associate with each 
other and form a heterogeneous network with “thick” wa  s, as 
shown in the sketch in Figure 3G. Chemica  ge ation can perturb 
ce  u ose chain se f-association and decrease the crysta  inity of 
ce  u ose (Figure 3H), as we   as increase swe  ing in water and 
forming a more porous structure,39 which resu ts in better 
toughness. 

The main functiona  groups in three basic units of  ignin 
inc ude methoxy  (−OCH3), pheno ic and a iphatic hydroxy  
(−OH), and carbony  (−C�O) groups.40,41 Modifying the 
interactions between these groups is shown to be efective to 
enhance the mechanica  stabi ity of modifed woods. Jeong et 
a .36 proposed three possib e binding sites of diferent a ka ine 
earth meta s on the  ignin units and obtained the associated 
binding energy va ues (Figure 3I). They found that the meta  
ions  inked O (Cβ) and O (methoxy), defned as Mode  2 in 
Figure 3I, has the highest binding energy of the comp ex 
structure. The  ignin interca ated with a ka ine earth meta s 
forms the ha f-sandwich structure, which is difcu t to 
decompose and requires higher activation energy. These resu ts 
open the opportunities through introducing a ka i and a ka ine 
earth meta s to obtain a stab e  ignin-based structure. 
2.2. Fibrillar Scale 

Mode ing at the fbri  ar sca e can be used to investigate the 
dynamic evo ution of the structures and ana yze the interaction 
among the fbers in modifed wood. Mode ing at this sca e can be 
imp emented through the c assic MD simu ations to predict the 
mechanica  responses and under ying mechanisms that govern 
the mechanica  properties (e.g., strength and toughness) of 
modifed wood. 

The tensi e fai ure of natura  and modifed wood often 
originates from the re ative s iding between the a igned ce  u ose 
fbri s in the wood (Figure 4A).42 Ce  u ose fbri s are constituted 
of crysta  ine ce  u ose chains, and the shearing interface often 
occurs between the (110) crysta  p ane of one ce  u ose fbri  and 
the (110) crysta  p ane of another ce  u ose fbri  (termed as 
(110)−(110) interface). Therefore, it is important to under-
stand the s iding behavior of neighboring ce  u ose fbri s, in 
particu ar, the shearing behavior on the (110)−(110) interface. 
Figure 4A shows the evo ution of hydrogen bonds a ong with the 
(110)−(110) interface as a function of the shearing distance. 
During continuous shearing at the (110)−(110) interface, the 
−OH groups are a ternative y a igned ( ocations 1 and 3 of insert 
in Figure 4A) and misa igned ( ocation 2 of insert in Figure 4A). 
When the ce  u ose chains are a igned across the interface, it 
corresponds to the  oca  maximum number of hydrogen bonds 
formed at the interface ( ocations 1 and 3 as in Figure 4A). When 

m 

mm 

nm 

~ 
DFT/AI-MD Classic MD CGMD FEM 

Figure 2. Hierarchica  structure of natura  and modifed wood, and the 
corresponding mu tisca e mode ing strategies: at the mo ecu ar sca e 
(by density functiona  theory (DFT) simu ations), fbri  ar sca e (by 
c assic mo ecu ar dynamic (MD) simu ations), micro-/mesosca e (by 
coarse-grained (CG) MD simu ations), and macrosca e (by fnite 
e ement mode s (FEM) simu ations). 
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the ce  u ose chains become misa igned (from  ocation 1 to 2), a 
few origina  hydrogen bonds break and the  eft ce  u ose chains 
(inset in Figure 4A) begin to reform the new hydrogen bonds 
with the next ce  u ose on the right chains, resu ting in a number 
decrease in the who e hydrogen bonds ( ocation 2 of Figure 4A) 
in the system. This dynamic variation in the number of hydrogen 
bonds, corresponding to the continuous breaking and 
reformation of hydrogen bonds, aids in the resistance to fai ure. 

Water mo ecu es can form hydrogen bonds with diferent 
ce  u ose chains and infuence the breaking and reformation 
behaviors of the hydrogen bonds in wood under mechanica  
 oading. Thus, the water content in wood p ays a crucia  ro e in 
the shearing behaviors of the ce  u ose fbri s. When water 
mo ecu es were introduced at the interface of the ce  u ose fbri s 
(Figure 4B), Young’s modu us of the ce  u ose nanocrysta -based 
hierarchica  structure is a most a constant as the change of 
interfacia  water content,32 which is due to the initia   inear 
e astic stage of inter ayer s iding. However, the fracture energy 

and peak stress increase signifcant y with the increase in water 
content. But the enhancement of the strength and toughness are 
 imited by a reasonab e range. When the water content is  arger 
than 3.75 H2O/nm2, the interfacia  interaction is weakened by 
the hydrogen bonds between water mo ecu es, which resu ts in 
 ower fracture energy. Recent experimenta  research successfu  y 
obtained strong and tough wood by a three-step process of 
de ignifcation, drying-induced assemb y, and water mo ecu es-
induced hydrogen bonding under compression. The resu ting 
wood has a densifed structure with improved mechanica  
properties (2.4 times increase in tensi e strength, 2.7 times 
increase in Young’s modu us, and 1.4 times increase in density) 
in comparison with natura  wood.46 

To better understand the deformation mechanism of the 
shearing behavior of wood materia s, Jin et a .43 bui t a sandwich 
mode  of the wood ce   wa   with ce  u ose, hemice  u ose, and 
 ignin (Figure 4C). The ce  u ose sheets form the bottom and 
top  ayers, whi e the hemice  u ose and  ignin f   the gap in 
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Figure 5. Mechanica  response of modifed wood at micro-/mesosca e. (A) CG mode ing of the ce  u ose nanocrysta s.47 Reproduced with permission 
from ref 47. Copyright 2020 E sevier. (B) Representative shear stress−strain response of bu k CNCs for diferent densities and cohesive interaction.47 

Reproduced with permission from ref 47. Copyright 2020 E sevier. (C) The deformation snapshots of a CG mode  of ce  u ose fber network under a 
tensi e strain = 15%.48 Reproduced with permission from ref 48. Copyright 2021 Springer. (D) Comparisons of the specifc strength and stifness of the 
ce  u ose fber network with varying fber  engths.48 Reproduced with permission from ref 48. Copyright 2021 Springer. (E) Schematic morpho ogy and 
norma ized fracture energy of ce  u ose f ms made of microfbers, nanofbers, and hybrid fbers.17 Reproduced with permission from ref 17. Copyright 
2020 John Wi ey and Sons. (F) E astic modu us of a CG microfber as a function of defection distance.49 Reproduced with permission from ref 49. 
Copyright 2015 American Chemica  Society. (G) Stress−strain curves for diferent bund e sizes and twist ang es.50 Reproduced with permission from 
ref 50. Copyright 2019 MDPI. 

Figure 4. Mechanica  response and enhancement of modifed wood at the fbri  ar sca e. (A) Hydrogen bonds a ong with the (110)−(110) interface as 
a function of the distance the fbri s have been sheared during simu ation.42 Reproduced with permission from ref 42. Copyright 2015 E sevier. (B) 
Summarized mechanica  properties of the nanoce  u ose mode  with a (010) crysta  p ane as a function of the number of H2O mo ecu es.32 Reproduced 
with permission from ref 32. Copyright 2021 American Chemica  Society. (C) The sandwich mode  of the wood ce   wa   with ce  u ose (outmost 
 ayer), hemice  u ose (secondary outer  ayer), and  ignin (midd e  ayer).43 Reproduced with permission from ref 43. Copyright 2015 E sevier. (D) A 
representative stress−strain response of the sandwich mode  in Figure 3C.43 Reproduced with permission from ref 43. Copyright 2015 E sevier. (E) 
Morpho ogica  derivation of e astic wood without and with 60 wt % water in the process of compression and re ease.44 Reproduced with permission 
from ref 44. Copyright 2020 American Chemica  Society. (F) Norma ized dimension of the mode s in (E) in the y-direction before compression, after 
compression, and after the re ease of the compression.44 Reproduced with permission from ref 44. Copyright 2020 American Chemica  Society. (G) 
Stress−strain curves of the nonstretched (−N) and stretched (−S) ce  u ose ribbons of CNF, CNF-g-PEG-13, and CNF-g-PEG-33.45 Reproduced 
with permission from ref 45. Copyright 2015 John Wi ey and Sons. 

between. The stress−strain curves of the mode  under shear 
 oading are i  ustrated in Figure 4D and can be divided into three 
regimes: an initia  e astic regime and two p astic regimes. The 

frst p astic regime is dominated by the yie ding of the matrix, 
and the second one is derived from the “se f-hea ing” interface. 
Additiona  y, the se f-hea ing behavior in wood materia s can 
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a so be infuenced by water mo ecu es.44 Chen et a . fabricated a 
high y e astic wood via chemica  treatment and freeze-drying. 
This e astic wood can, after hydration, sustain a compressive 
strain of up to 70% with neg igib e p astic deformation and a 
sma   energy  oss coefcient. However, dehydrated e astic wood 
cannot se f-hea . To understand the mechanism of the se f-
hea ing behavior, they constructed the fbri  ar mode ing of 
wood framework with and without water, as shown in Figure 4E. 
Subject to compression, the ce  u ose chains without water come 
c ose and form new hydrogen bonds between one chain to 
another chain. Water mo ecu es in between the ce  u ose chains 
can  imit the formation of the new hydrogen bonds between the 
ce  u ose chains and he p to push the chains to their origina  
 ocation. The two scenarios of the simu ations e aborated for the 
recovery behavior of the e astic wood are i  ustrated in Figures 
4E,F. 

Due to the hydroxy  groups on the surface of ce  u ose, CNFs 
can a so be modifed by po ymers, which resu ts in stronger 
cross- inking under  oading. Tang et a .45 prepared CNF grafted 
with po yethy ene g yco  (CNF-g-PEG) from pu p fbers and 
then tested their stress−strain curve under tension (Figure 4G). 
The prestretched (−S) and nonstretched (−N) ce  u ose 
ribbons were prepared by drying the stretched and nonstretched 
hydroge  stripes of CNF-g-PEG nanofbri s. As shown in Figure 
4G, the stretched ce  u ose ribbons have a higher strength as we   
as a  ower fai ure strain than the nonstretched ones, which is 
because the stretched ribbons prevent the interfbri  ar 
debonding and s ippage of nanofbri s. An increased grafted 
amount of the PEG in the stretched CNFs  eads to an increase in 
the strength of the ce  u ose ribbons, which can be attributed to 
the enhanced interfbri  ar interaction. The above understanding 
of the enhanced strength of ce  u ose ribbons made of po ymer 
grafted CNFs ofers insight into guiding the design of engineered 
wood with improved mechanica  performance. 

2.3. Micro-/Mesoscale 

The  ength of the ce  u ose fbers in wood materia s is in the 
range of severa  nanometers to severa  mi  imeters. The 
super arge sca e and cross-sca e simu ations of these fbri s 
make c assic MD simu ations prohibitive in terms of required 
time and resources. Therefore, coarse-grained (CG) MD 
simu ations emerge as efective methods to so ve the  imitation 
and revea  the mechanism of the interfbri  ar interaction at the 
micro-/mesosca e.47,48 

Li et a .47 represented the ce  u ose nanocrysta  (CNC) units 
with the 36 chain as a CG bead (Figure 5A) and ca cu ated the 
shear behavior of the bu k CNC random network (Figure 5B). 
The shear modu us and yie d strength of the bu k system 
increase as signifcant y as the increase of density and cohesive 
energy between CNCs. However, such CG mode ing is 
restricted to the specifc diameter of the fbri s. Recent y, a 
sca ab e CG scheme based on atomistic simu ations48 was used 
to mode  CNC where the mapping and interaction potentia s are 
sca ed on three diferent  eve s ( eve s 1−3). The  eve  1 bead 
represents 1 g ucose unit, and then six  eve  1 beads are mapped 
into one  eve  2 bead. Subsequent y, seven  eve  2 chains form 
one  eve  3 bead. Random networks of ce  u ose fbers made of 
 eve  3 CG beads are constructed to ana yze their mechanica  
response and fai ure behavior. When a uniaxia  tension is 
app ied, the random y oriented ce  u ose fbers start to s ide apart 
from each other. As the tensi e strain increases, cracks initiate at 
the edges and resu t in stress concentration and  oca ized 
deformation (Figure 5C,D). The specifc strength of the 
network increases as the ce  u ose fber  ength increases. It 
means that  onger ce  u ose fbers can resist more tensi e 
deformation as higher energy is required to cause the fai ure of 
the random network of ce  u ose fbers. The CG mode ing is a so 
app ied to understand the mechanica  behaviors of ce  u ose 
f ms (Figure 5E).17 It shows that the fracture energy of a 
ce  u ose f m made of nanofbers is 17 times higher than that of a 
ce  u ose f m made of microfbers. The f m made of microfber 
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and nanofber hybrids is shown to have even higher fracture 
energy, which can be attributed to the increased s iding distance 
among the fbers. 

CG mode ing parametrized by the MARTINI force fe d is 
a so wide y used in the ana ysis of the mechanica  bending and 
twisting of the ce  u ose microfbers. Even though the mode ing 
is  imited to microsca e, the MARTINI CG mode ing sustains 
more interaction information among ce  u ose microfbers due 
to the parametrization based on the functiona  groups in 
ce  u ose. Experimenta  y, atomic force microscopy and Raman 
spectroscopy measurements are wide y used techniques to 
measure the bending stifness of ce  u ose fbers with various 
diameters. The measuring sca es are in the range of micro-
fbri  ated ce  u ose sheets to ce  u ose macrofbers, with the 
measured bending stifness ranging from 29 to 150 GPa.51−53 A 
ce  u ose fbri  with a sma  er sca e might  ike y have a  ower 
bending stifness, but these existing experimenta  measurements 
become unrea istic at such a sma   sca e. Loṕez et a . use the 
MARTINI CG mode ing to obtain the e astic modu us of a 36-
chain ce  u ose fbri , as shown in Figure 5F.49 Externa  bending 
forces are  oaded on one side of the ce  u ose microfber, and the 
bending stifness is estimated to be around 10 GPa. The resu ts 
from the CG mode ing verify the specu ation and suggests a 
feasib e method to measure the bending stifness of u trafne 
ce  u ose fbers. To extend the research of individua  CNCs and 
CNC−CNC interfacia  properties, Shishehbor and Zavattieri54 

deve oped the MARTINI CG mode ing and found that the 
e astic modu us of the CNC bund e increases but the toughness 
decreases with the increase of the cohesive (interfacia ) 
interactions between the CNCs. Based on the deve oped 
MARTINI CG mode ing, Ramezani50 investigated the efects of 
the bund e size and the twist on the mechanica  response for 
bund es of CNCs (Figure 5G). The increase in bund e size and 
twist ang e  eads to the increase in hydrogen bonds breaking 
among the outer fbers, thus decreasing the strength and fai ure 
strain of the CNCs. 
2.4. Macroscale 

Products made of natura  wood and engineered wood are often 
of sizes of centimeters to meters. To understand the mechanica  
response of such wood products at the macrosca e, continuum 
sca e mode s, such as FEM, and phenomeno ogica  constitutive 
mode s, are often used to predict the stress distribution 
(especia  y the region of stress concentration) and revea  the 

possib e fai ure mode of these products under various types of 
mechanica   oading, which, in turn, can be used to design wood 
structures. 

The mechanica  response of wood materia s depends strong y 
on the  oading direction, given the anisotropic nature of wood. 
Figure 6A shows the experimenta  shear tests of wood in 
diferent directions compared with the stress distribution in the 
FEM mode s.55 FEM mode s present the stress distribution in 
the wood samp es. Additiona  y, FEM is used to ana yze the 
crack initiation and propagation in wood materia s. Figure 6B 
compares the crack growth in a wood samp e with a rectangu ar 
notch under three-point bending measured by an experimenta  
test (upper pane ) and predicted by FEM (bottom pane ).56 

FEM can accurate y predict the stress distribution and fai ure 
behavior of the wood samp es. FEM is a so used to understand 
the stress distribution in engineered wood under severe fo ding 
(Figure 6C), which ofers critica  insight into designing high y 
mo dab e wood.57 

Besides, FEM simu ations are a so used to ana yze the 
mechanica  response of wood-based composites. Parts D and E 
of Figure 6 i  ustrate the stress−strain curves of a wood materia  
and a wood-based ge  during a compressive  oading and 
un oading process, respective y.44 The wood framework without 
water is easy to buck e severe y under compressive  oading, 
which  eads to partia  fai ure of the framework. Upon un oading, 
on y a sma   fraction of the compressive strain (∼10%) can be 
recovered. By contrast, the wood-based ge  can sustain severe 
compressive  oading (>60%) without fracture,  arge y resu ting 
from the hypere astic nature of the structure due to the water 
contained inside the wood channe s. Upon un oading, the wood-
based ge  can fu  y recover its origina  shape. Figure 6F presents 
the comparison of the experimenta  test and the prediction of a 
constitutive mode  of microfber reinforced anisotropic hydro-
ge s on the wood-based po yacry amide (PAM) hydroge s under 
uniaxia  tension, suggesting a reasonab e agreement with each 
other.58 Such a constitutive mode  can be further imp emented 
into FEM (e.g., via a user subroutine to defne materia  
properties), so that the mechanica  response of wood-based 
hydroge s of any other dimensions and geometries can be readi y 
studied. 
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3. CHEMICAL MODIFICATIONS FOR ADVANCED AND 
FUNCTIONALIZED WOOD PRODUCTS 

Wood modifcation aims to overcome one or more disadvan-
tages or weaknesses of native wood by a tering wood’s chemica  
and physica  structures and properties. The wood’s mechanica  
strength, dimensiona  stabi ity, biodegradation resistivity, 
optica  transparency, and other properties can be substantia  y 
improved through physica  and chemica  modifcations. 
Chemica  modifcation of wood inc udes, but is not  imited to, 
se ective y removing wood components (such as  ignin and/or 
hemice  u oses), changing chemica  structures of wood 
components, or introducing new functiona  groups. Based on 
their objectives, the important chemica  modifcation methods 
are summarized in Figure 7A. 
3.1. Delig ifcatio  

Lignin is an aromatic po ymer biosynthesized from three 
precursors (p-coumary , conifery , and sinapy  a coho s) by 
radica  coup ing. The radica  coup ing resu ts in diverse  inkages 
between the bui ding units and a comp ex structure of  ignin. 
The three bui ding units are primari y  inked by C-O-C (ether) 
bonds and C−C (carbon to carbon) bonds. The ary g ycero -β-
ary  ether (β-O-4) bond is the most abundant (50−80%)  inkage 
in native  ignin. Other ether bonds inc ude ary g ycero -α-ary  
ether (α-O-4), diary  ether (5-O-4), and resino  ether (α-O-γ) 
 inkages. The primary C−C  inkages in  ignin are pheny -
coumaran (β-5), bipheny  (5−5), 1,2-diary propane (β-1), and 
resino  (β−β). 

De ignifcation is an operation to se ective y remove or 
separate  ignin from wood via depo ymerization fo  owed by 
disso ution and can be accomp ished using diferent chemica s at 
an e evated temperature. Depo ymerization of  ignin entire y 
depends on the c eavage of ether  inkages, whereas the carbon-
to-carbon  inkages are essentia  y stab e. Among the ether 
 inkages, on y the c eavage of β-O-4  inkage can  ead to 
depo ymerization of  ignin, as other ether  inkages are either 
not direct y  inking  ignin bui ding units or are  ess abundant. It 
shou d be noted that condensation reactions (formation of new 
carbon-to-carbon  inkages, or repo ymerization) occur in most 
de ignifcation processes, retarding  ignin remova . 

De ignifcation chemistry and processes have been we  -
estab ished in the paper industry for chemica  pu ping and in the 
biorefning research for chemica  fractionation/pretreatment to 
remove  ignin-induced reca citrance to enzymatic hydro ysis of 
ce  u ose. Depending on the chemica s used, de ignifcation can 
be c assifed into a ka i, su fte, and so vent processes. 

In a ka i de ignifcation, bases (e.g., NaOH) are used to 
depo ymerize  ignin. As shown in Figure 7B (1), hydroxy  ion 
(OH−) c eaves β-O-4 in nonpheno ic structures via an oxirane 
intermediate. However, because OH− is a weak nuc eophi e, this 
reaction is s ow and cannot extensive y depo ymerize  ignin. 
Therefore, “soda pu ping” (NaOH a one) is  ess efective for 
wood, especia  y for softwood. The addition of Na2S in kraft 
(NaOH + Na2S) pu ping can signifcant y cata yze  ignin 
depo ymerization. Because of its strong nuc eophi icity, SH− 

can efective y c eave β-O-4 in pheno ic structures by the 
mechanism shown in Figure 7B (2) via a quinone methide 
intermediate. For this reason, the kraft process has dominated 
wood chemica  pu ping in the paper industry. Anthraquinone is 
an a ternative su fur-free cata yst for soda pu ping, but it is  ess 
efective than Na2S. Oxygen is another efcient and su fur-free 
reagent for de ignifcation under a ka i conditions. However, this 
system is quite unse ective. Oxygen attacks not on y  ignin but 

a so ce  u ose. Other ether  inkages (e.g., α-O-4) can be c eaved 
too under a ka ine conditions, but it does not direct y  ead to 
signifcant depo ymerization of  ignin. However, the formation 
of pheno ic hydroxy  groups from the α-O-4 c eavage promotes 
the c eavage of β-O-4 by HS− (Figure 7B (2)) and increases the 
hydrophi icity and thereby the so ubi ity of  ignin in a ka ine 
so utions. 

In su fte processes, su fte is used to remove  ignin from wood. 
Su fte de ignifcation can be conducted in a wide range of pH 
from acidic to a ka ine range. Diferent from that in a ka ine 
processes, the de ignifcation in su fte processes is main y 
attributed to the enhanced so ubi ity due to  ignin su fonation at 
the α position to resu t in  ignosu fonate, as shown in Figure 7B 
(3). The β-O-4  inkages are not signifcant y c eaved in  ow-pH 
su fte processes, a though the acid-induced β-O-4 c eavage 
shown in Figure 7B (4) cou d occur. The β-O-4  inkages can be 
c eaved in neutra  and a ka ine su fte processes via the quinone 
methide intermediate, but it is insignifcant and not the key 
cause of the de ignifcation. As a resu t,  ignosu fonate usua  y has 
a  ower content of pheno ic hydroxy  (due to  imited c eavage of
β-O-4  inkages) and higher mo ecu ar weight (because of 
insufcient depo ymerization) than a ka i  ignin (such as kraft 
 ignin). 

In so vent-based processes,  ignin is depo ymerized and then 
disso ved in a so vent, such as organic so vents (ethano , 
methano , acetone, formic acid, acetic acid, γ-va ero actone 
(GVL), tetrahydrofuran (THF)),59−64 ionic  iquids (IL),65,66 

deep eutectic so vents (DES),67,68 and acid hydrotropes.69−71 

Acid is usua  y used as a cata yst in most so vent-based processes. 
As shown in Figure 7B (4), the c eavage of β-O-4  inkages by acid 
is initiated by the protonation of benzy  a coho , and the 
fo  owing dehydration generates an α-carbocation intermediate. 
The α-carbocation is then transformed to β-carbocation, and the 
hydro ysis of the  atter  eads to the c eavage of β-O-4  inkage, 
generating Hibbert’s ketone and guaiaco  moiety. It shou d be 
noted that the reactive α-carbocation intermediate can attack 
the e ectron-rich positions on benzene rings of  ignin and  ead to 
intramo ecu ar and intermo ecu ar condensation. This is the 
reason why the  ignin from acidic processes usua  y contains 
more C−C  inkages (condensed). 

Ch orite is another efective de ignifcation reagent. Under 
acidic conditions, ch orite can se ective y destruct  ignin without 
signifcant y afecting ce  u ose and hemice  u oses. Therefore, it 
has been frequent y used at the  aboratory sca e for the se ective 
remova  of  ignin to b each wood or pu p. However, due to the 
cost and environmenta  concerns, ch orite is not feasib e for 
wood de ignifcation on a  arge, industria  sca e. 

Size reduction of wood to chips (or sma  er) is usua  y a 
prerequisite in chemica  pu ping and pretreatment to promote 
mass and heat transfer during wood de ignifcation. The 
de ignifcation  eads to wood fberization (destruction of the 
wood ce   wa   into individua  fbers). The fberization, however, 
is not desired for many engineered wood products (such as 
superwood,72 transparent wood73), which need to maintain the 
continuous ce  u ar structure and fber orientation of origina  
wood for enhanced structura  strength and stifness. A ternative 
de ignifcation processes for these specia -performance app ica-
tions are necessary to avoid breaking the inherent wood 
structure of continuous fbers but se ective y remove  ignin to 
increase the bonding of ce  u ose fbers, remove the  ignin-
induced co or, and improve optica  stabi ity, or simp y create 
pores for a porous structure. Therefore, de ignifcation of wood 
b ocks and pane s is diferent from traditiona  wood pu ping or 
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pretreatment using wood chips because the much  arger physica  
dimensions of wood pane s or boards require an extensive 
prede ignifcation impregnation process, and the requirement to 
keep the physica  integrity of wood for structura  materia s can 
be cha  enging.57,72,74 

3.2. Removal of Hemicelluloses 

Hemice  u oses are another major component of  ignoce  u osic 
materia s (20−40%), and they are a group of heterogeneous 
po ysaccharides composed of mu tip e sugar units. The sugar 
units and the structures of hemice  u oses vary great y among 
p ant species. For examp e, in grasses and hardwood, O-acety -4-
O-methy g ucurono-D-xy an (g ucuronoxy an or simp y xy an) is 
the principa  hemice  u ose structure, in which the β-1,4  inked 
D-xy opyranose units form the backbone with the branches of 4-
O-methy -D-g ucopyranosy uronic acid α-1,2- inked to xy ose 
units and the acety  group  inked to xy ose units at C2 or C3. 
Hemice  u oses in softwood are predominate y ga actog uco-
mannans with a sma   amount of arabinog ucuronoxy an. The 
former has the backbone of β-1,4  inked D-g ucopyranose and D-
mannopyranose units with the side chains of α-1,6  inked D-
ga actopyranose unit and acety  group attached to the backbone 
at C2 or C3 of the D-g ucopyranose and D-mannopyranose unit. 

Hemice  u oses can be separated and removed from wood 
using diferent chemica s and processes.75−77 The most efective 
method is to hydro yze and disso ve hemice  u oses using an 
acid. The acety  groups on hemice  u oses are easi y c eaved 
under hydrotherma  conditions and re eased as acetic acid, 
which can cata yze the hydro ysis of hemice  u oses. In addition, 
hemice  u oses can be simu taneous y disso ved and/or hydro-
 yzed during wood de ignifcation processes. Removing hemi-
ce  u oses is required or benefcia  in many cases, such as 
disso ving pu p production and biomass pretreatment.78 The 
remova  of hemice  u oses is a so benefcia  or desired when 
producing engineered wood products. For examp e, disso ving 
hemice  u oses contributed to the formation of the porous 
structure of high y porous wood or aeroge  materia s.79,80 Partia  
remova  of hemice  u oses a so p ayed an important ro e when 
preparing u trastrong densifed wood.72 

3.3. Bleachi g 

The co or of wood due to the absorbance of visib e  ight is 
main y from  ignin, attributed to the chromophoric structures 
and groups (such as benzene ring, quinonoid, viny , pheno ic 
hydroxy , and carbony  groups) in  ignin. These chromophoric 
units can form comprehensive conjugated systems (such as 
conifera dehyde structures, o tho-and pa a-quinonoid units, and 
quinone methide intermediates) to resu t in a darker co or. In 
addition, chemica  treatment of wood (e.g., de ignifcation) can 
 ead to the formation of new chromophores from both  ignin 
depo ymerization and  ignin condensation reactions. 

There are two strategies to remove the co or and increase the 
whiteness of wood or wood products: removing  ignin and 
b eaching (deco oring)  ignin. In the  ignin-removing strategy, 
strong chemica s, such as ch orine-containing chemica s 
(ch orine, hypoch orite, and ch orine dioxide) and oxidants 
(oxygen, ozone, and peroxide), are used to comp ete y destruct 
and disso ve  ignin. In  ignin-b eaching methods, moderate 
reductive (hydrosu fte) or oxidative (hydrogen peroxide) 
chemica s are common y used to a ter or remove the 
chromophoric groups and systems of  ignin, se ective y 
deco oring (b eaching)  ignin whi e retaining its macrostructure. 
These strategies have been practiced in the paper industry for 

chemica  pu ps and high-yie d ( ignin-retaining) pu ps (such as 
mechanica  and chemimechanica  pu ps), respective y.81 

These chemica s and techno ogies have been used for 
b eaching wood b ocks and pane s when preparing advanced 
wood products. For examp e, in the study of preparing 
transparent wood composite,74 wood b ock was frst de ignifed 
using NaOH and Na2SO3 and then b eached using H2O2 to 
comp ete y remove residua   ignin. In another study, the wood 
b ock was de ignifed and b eached using acidic ch orite before 
epoxy inf tration to fabricate aesthetic transparent wood.82 In 
addition to removing  ignin, a  ignin-b eaching strategy was used 
to prepare transparent wood.83 Lignin in the wood pane  was 
b eached using H2O2, which did not signifcant y remove  ignin 
but deco ored the  ignin by breaking the chromophoric groups 
and structures of the  ignin. After epoxy inf tration, the obtained 
transparent wood composite had a high transmittance (>90%) 
and high haze (>60%). 

Recent y, a so-ca  ed so vent-contro  ed encapsu ation (SCE) 
method was reported that can permanent y whiten  ignin and 
convert brown  ignin into a white powder.84 In a mixture of 
water, ethano , and/or acetone, a nonchromophoric group was 
introduced into  ignin by a condensation reaction between  ignin 
hydroxy groups and an isocyanate. By carefu  y contro  ing the 
po arity (ratio of water to ethano /acetone) of the so vent, the 
isocyanate-modifed  ignin forms spheric nanopartic es in which 
chromophoric  ignin is encapsu ated within the partic e core, 
whi e the nonchromophoric groups introduced by the 
isocyanate are  ocated on the surface of the partic es. The 
whitened  ignin can be cast into a transparent f m and used as a 
co or ess adhesive or f  er in composite materia s. 
3.4. Surface Modifcatio  

Wood surface modifcation can improve the binding strength, 
optica  properties, performance, stabi ity, hydrophobicity, 
reactivity, and other properties of wood. Chemica  modifcations 
are conducted a most exc usive y via the reactions of hydroxy  
groups of ce  u ose, hemice  u oses, or  ignin, such as 
esterifcation, etherifcation, oxidation, si y ation, cross- inking, 
and grafting,85 as summarized in Figure 7C. 

Esterifcation is accomp ished by the reaction between 
hydroxy  groups and inorganic or organic acids (or anhydrides). 
The most important inorganic ester of ce  u ose is ce  u ose 
nitrate, prepared with a mixture of nitric acid and su furic acid, 
which can be used for exp osives and p astics, depending on the 
degree of substitution. Many organic acid anhydrides ( inear and 
cyc ic) have been used for wood esterifcation. The acety ation 
of wood with acetic anhydride is the most extensive y studied 
approach. Acety ation can confer wood unique properties, such 
as so ubi ity in organic so vents, p asticity, hydrophobicity, 
dimensiona  and bio ogica  stabi ity, and compatibi ity in 
po ymeric composites.86 

Etherifcation can be conducted by treating ce  u ose or wood 
with the reagents  ike a ky /ary  ha ides and a kene oxides.87 

Most important ce  u ose ethers inc ude methy ce  u ose, 
ethy ce  u ose, carboxymethy ce  u ose, hydroxyethy ce  u ose, 
and cyanoethy ce  u ose, and they have been used in many 
areas. 88 Wood etherifcation has been used to improve its 
interface compatibi ity in wood p astic composites.89 

Si y ation of hydroxy  groups of ce  u ose and wood by 
ch orosi anes, si azanes, and other si y ation agents can 
dramatica  y change their surface properties, such as compati-
bi ity, therma  and oxidative stabi ity, hydrophobicity, and 
permeabi ity.90−94 For examp e, si ane coup ing agents have 
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Figure 8. (A) Schematic of the processing of densifed wood (super wood), which is comprised of a igned ce  u ose nanofbers with reinforced 
hydrogen bonds.72 Reproduced with permission from ref 72. Copyright 2018 Springer Nature. (B) Photographs and SEM images of the natura  and 
densifed wood samp es in the direction perpendicu ar to the tree growth.72 Reproduced with permission from ref 72. Copyright 2018 Springer Nature. 
(C) Comparison of specifc strength between densifed wood and typica  structura  materia s.72 Reproduced with permission from ref 72. Copyright 
2018 Springer Nature. (D) Schematic representation demonstrating the working princip e of the se f-formed wood char  ayer of densifed wood for fre 
resistance.115 Reproduced with permission from ref 115. Copyright 2019 John Wi ey and Sons. (E) SEM image of the densifed wood after 
combustion. Reproduced with permission from ref 115. Copyright 2019 John Wi ey and Sons. (F) The compressive strength of densifed wood is 
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permission from ref 115. Copyright 2019 John Wi ey and Sons. 
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been wide y used for ce  u ose surface modifcation. Si ane 
coup ing agents have dua  reactivity. At one end, they have an 
a koxy  si ane group capab e of reacting with a hydroxy -rich 
surface (such as ce  u ose), and at the other end, they can have a 
 arge number of functiona  groups which can be tai ored. Si ane 
coup ing agents were used to introduce new functiona  groups 
onto po ymers95 and ce  u ose.96−98 

Oxidation can introduce carboxy  and carbony  groups to 
ce  u ose and wood. For examp e, the oxidation of primary 
hydroxy  groups at C6 by TEMPO, persu fate, and other 
oxidants has been used to produce ce  u ose nanocrysta s and 
nanofbers because the surface charge induced by the carboxy ic 
groups faci itates the dispersion of the ce  u ose nano-
partic es.99−102 Periodate oxidation is a unique reaction to 
produce dia dehyde ce  u ose (DAC). Periodate can regiose-
 ective y oxidize the vicina  hydroxy  groups at C2 and C3 in 
anhydrog ucose units of ce  u ose into two a dehyde groups.103 

The a dehyde groups in DAC can be further oxidized to acids or 
converted to the Schif base (imine) by reacting with an amine to 
synthesize functiona ized ce  u ose derivatives.104,105 

Chemica  cross- inking is an efective way to improve the 
strength and dimensiona  stabi ity of structura  ce  u ose and 
wood products. The cross- inking creates bridge  inkages 
between mo ecu es of ce  u ose, hemice  u oses, and  ignin via 
the reactions between hydroxy  groups and cross- inking 
reagents such as ma eic anhydride, diacid, epoxy resin, 
isocyanate, and si ane.106−108 Cross- inking is a so an important 
strategy to fabricate ce  u ose and hemice  u ose hydroge s. For 
examp e, citric acid, dia dehyde, diisocyanate, diviny  su fone, 
epich orohydrin, and g utara dehyde have been used to cross-
 ink ce  u ose in hydroge  preparation.109,110 

Grafting is an approach to grafting po ymers onto ce  u ose 
and wood, which provides or improves the properties such as 
dimensiona  stabi ity, resistance to abrasion and wear, wrink e 
recovery, oi  and water repe  ence, e asticity, ion exchange 
capabi ities, temperature responsiveness, therma  resistance, and 
resistance to microbio ogica  attack. The grafting can be 
accomp ished by free radica  po ymerization, ionic and ring-
opening po ymerization, and  iving radica  po ymerization via 
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from ref 57. Copyright 2021 American Association for the Advancement of Science. (D,E) Photograph of the 3D-mo ded wood honeycomb core 
materia  and he ica  structured wood. Reproduced with permission from ref 57. Copyright 2021 American Association for the Advancement of Science. 
(F,G) Mechanica  properties of the natura  wood and 3D-mo ded wood. Reproduced with permission from ref 57. Copyright 2021 American 
Association for the Advancement of Science. 
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the approaches of grafting-to, grafting-from, and grafting-
through ce  u ose.111 

3.5. Chemical Recovery 

Chemica  recovery and waste treatment are very important 
considerations in using chemica s for wood modifcation to 
deve op engineered wood products. When using  ow dosages of 
 ow-cost chemica s, chemica  recovery may not be necessary, but 
the waste streams (so ids and  iquid) containing the chemica s 
need to be treated for discharge or reuse. For examp e, b eaching 
chemica s are not recovered in commercia  pu p mi   operations. 
Depending on the chemica s used, the waste streams are treated 
with various techno ogies to meet chemica  oxygen and 
bio ogica  oxygen demands to minimize environmenta  impact. 
On the other hand, chemica  recovery is necessary when 
chemica  dosages for wood processing are re ative y high. 
Conventiona  a ka ine chemica  recovery is a mature commercia  
process and has been in industry operation for more than 80 
years, however, invo ves expensive capita  investment. Su fte 
chemica  recovery is re ative y difcu t. On y when expensive 
magnesium is used as the base in su fte pu ping, comp ete 

chemica  recovery is possib e. Because chemica  recovery is the 
make or break of any chemica  process, it shou d be a critica  
consideration in choosing or deve oping a new wood chemica  
modifcation process. Another issue that is a so important to 
biorefnery is the uti ization of removed  ignin and hemi-
ce  u oses which can improve process economics. There have 
been p enty of reviews on the subject but with  imited 
commercia  success.112 

4. MODIFIED WOOD MATERIALS FOR ENHANCED 
EWPS 

4.1. Ultra-Stro g De sifed Wood 

The manufacturing of construction materia s a one gave rise to 
3.2 gigatons of CO2 in 2020, accounting for 10% of tota  CO2 
emissions among a   sectors.113 Therefore, it is urgent to deve op 
carbon-negative materia s to nu  ify embodied greenhouse gas 
emissions, meanwhi e transforming bui dings into net carbon 
storage structures on a  ife cyc e basis. The mechanica  strength 
of structura  materia s is of primary importance to achieving 
widespread imp ementation in bui ding app ications. Meta s, 
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such as stee , are ubiquitous y used in structura  app ications due 
to their high magnitude and consistent mechanica  strength, 
stifness, ducti ity properties, and processabi ity into various 
shapes and sizes. However, there have been increasing ca  s for 
the deve opment of more sustainab e materia s as meta  
processing and fabrication are energy intensive. Wood, as a 
renewab e structura  materia , is mechanica  y strong,  ight-
weight, and cou d be a sustainab e a ternative to meta s. The 
mechanica  properties of wood vary wide y due to its natura  
origin. And the density of wood, varying with species, corre ates 
we   with its strength. Despite the abundance, renewabi ity, and 
sustainabi ity, the mechanica  performance of natura  wood 
cannot compete with stee , which has been used for diverse and 
advanced app ications as structura  materia s. 

By reducing the pores and voids between ce   wa  s, the 
densifcation of wood has been demonstrated as an efcient 
approach to optimizing the mechanica  strength of  ow-density 
wood.114 Neverthe ess, most of the reported densifcation 
procedures re y on pretreatment using steam, heat, ammonia, or 
co d ro  ing,  eading to incomp ete densifcation and dimen-
siona  instabi ity, especia  y in some harsh environments.114 In 
2018, Hu et a . reported a faci e yet efective top-down approach 
that can direct y process natura  wood into an u trastrong 
structura  materia  with exceptiona  mechanica  properties 
(Figure 8A).72 Distinguished from conventiona  densifcation 
methods, the pretreatment of partia  de ignifcation, removing 
partia   ignin and hemice  u oses, makes it possib e to fu  y 
densify the natura  wood structure with an approximate y 80% 
reduction in thickness (Figure 8B). The porous natura  wood 
structure contains  umina with tubu ar channe s a ong the wood 
growth direction (Figure 8B); in contrast, the densifed wood is 
main y composed of fu  y co  apsed wood ce   wa  s, which are 
c ose y intertwined and dense y packed (Figure 8B). In such a 
unique microstructure of densifed wood, the ce  u ose nano-
fbers are high y oriented, akin to natura  wood, but much more 
tight y packed, giving rise to remarkab y enhanced hydrogen 
bonding between neighboring nanofbers. On the other hand, 
the high y densifed wood with minimized vesse s and pits can 
efective y a  eviate the adverse infuence of such defects on the 
mechanica  strength. Residua   ignin in the de ignifed wood a so 
p ays a key ro e, as a binder, in enhancing the mechanica  
performance. The demonstrated tensi e strength can reach 587 
MPa for densifed wood, a more than 10-fo d increase in 
comparison with natura  wood, which a so exceeds many meta -
based structura  materia s (Figure 8C).72 

Fire resistance is another important consideration for EWPs, 
as natura  wood is combustib e. The fre-retardant properties of 
densifed wood can be remarkab y improved owing to the 
e iminated space between ce   wa  s to b ock the inf tration of 
oxygen and reduce the transport of heat (Figure 8D).115 

Moreover, it is noteworthy that a dense and insu ating  ayer of 
wood char can be generated on the surface, further inhibiting the 
difusion of oxygen and heat (Figure 8E). Considering these 
synergistic efects, a 2.08-fo d increase in the ignition time can be 
achieved experimenta  y, as we   as a 34.6% decrease in the 
maximum heat re ease rate versus natura  wood (Figure 8F), 
paving a new path toward the fre-resistant and mechanica  y 
strong structura  EWPs that incorporate densifed wood. 
4.2. 3D Moldable Wood 

Wood is primari y fabricated as rectangu ar boards or fat sheets, 
which need further manufacturing to be uti ized where more 
comp ex shapes are required. Severa  methods have been 

adopted to fabricate wood into various desired shapes. For 
instance, steam bending or chemica  impregnation has been 
used, fo  owed by c amping in a mo d and drying to fx the form 
(Figure 9A);116 in traditiona  wine barre  manufacturing, each 
barre  is warmed over an open fre to bend the staves into the 
desired shape without breaking the wood fo  owed by a toasting 
process (Figure 9A). A ternative y, adhesive bonding of timber 
sections, name y, wood chips, fakes, veneer, and other e ements, 
has a so been adopted to fabricate  arger and more comp ex 
structura  sections (Figure 9A). These engineering approaches, 
based on the modifcations at a bu k sca e, do not change the 
intrinsic microstructure/properties of wood and re y primari y 
on adhesive bonding to enhance mechanica  properties. Whi e 
adhesive po ymers make good use of wood byproducts and 
faci itate the  amination or pressing of comp ex 3D forms, 
engineered wood products without continuous wood fbers 
might  ack stifness for high-performance structura  app ications 
where the thickness of the she   must remain thin yet strong and 
stif.114 Therefore, the formabi ity and mechanica  properties of 
wood must be improved so that engineered wood can serve as a 
good substitute for app ications requiring comp ex shapes and 
structures. 

As reported by Hu et a ., a ce   wa   engineering approach was 
adopted to render wood mo dab e whi e simu taneous y 
boosting its mechanica  performance, endowing wood with 
fabrication versati ity previous y  imited to meta s and p astics.57 

Such a new process enab es fat sheets of wood to be shaped into 
versati e 3D structures with signifcant y improved mechanica  
performance. In the fabrication process, wood is frst softened by 
in situ chemica  de ignifcation, fo  owed by air-drying to c ose 
the ho  ow wood vesse s and fbers that form a high y a igned 
channe  structure (Figure 9B). The shrunken wood is then 
partia  y reswo  en in a “water-shock” process that specifca  y 
expands the wood vesse s. The resu ting wrink ed ce   wa   makes 
it possib e to mo d the fo dab e wood into any target shapes, 
which can then be  ocked into p ace by air drying (Figure 9C− 
E). The resu ting wood materia  has a compressive strength of 
∼55 MPa and a tensi e strength of ∼300 MPa, both of which are 
much higher than the starting natura  wood and comparab e to 
some of the popu ar structura  materia s, such as A  a  oys or 
some reinforced po ymer composites (Figure 9F,G). This 
unique ce  -wa  -oriented, nanoengineering approach to shaping 
wood into  ightweight, strong, and tough 3D structures a  ows 
mo ding wood into efcient structures that cou d compete with 
meta  products. This capabi ity opens the possibi ity of wood 
bui ding products with both comp ex geometries and improved 
mechanica  properties. 

5. THERMAL MANAGEMENT WOOD 

5.1. Thermally I sulati g Wood a d Thermal E ergy 
Storage Wood 

In 2020, g oba  CO2 emissions from bui dings operations 
reached 8.7 gigatons, accounting for 27% of tota  emissions in 
the wor d.113 Additiona  y, g oba  bui ding operations consumed 
127 EJ of energy, indicating a g oba  share of 31%.113 It is noted 
that bui ding operations a one, taking no account of the 
manufacturing of construction materia s, is the majority 
shareho der for both g oba  energy demand and emissions. 
According y, the deve opment of high-performance bui ding 
insu ation pane s is crucia  in achieving the emission reduction 
and energy conservation targets set out in the Paris Agreement.5 

There are severa  disadvantages to some of the wide y used 
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construction materia s, name y, concrete, stee , and brick-based 
systems. (1) These materia s’  ow therma  resistance can cause 
energy  eaks, especia  y during winter and summer. (2) Concrete 
and stee  production can a so be responsib e for signifcant CO2 

and other harmfu  emissions. (3) Stee  c adding pane s dent 
upon impact with vehic es, hai , and windborne debris. (4) 
Precast concrete architectura  c adding is heavy, p acing high 
demands on structura  support and the therma  mass can 
contribute to urban heat is and efects, if not active y 
managed.117 As a resu t, deve oping innovative bui ding 
enve ope so utions is urgent y needed to reduce wasted energy, 
improve occupant comfort, and reduce environmenta  impacts. 

In 2018, Hu et a . proposed an efective “top-down” method 
to fabricate natura  wood into an anisotropic, therma  y 
insu ating materia  named “nanowood” (Figure 10A).118 The 
de ignifcation process not on y gets rid of therma  y conductive 
 ignin components but a so creates nanopores to impede 
phonon transport, resu ting in  arge y reduced therma  
conductivity of wood. What’s more, the nanowood inherits a 
simi ar anisotropic structure from natura  wood composed of 
high y a igned ce  u ose fbers (Figure 10B,C), giving rise to 
anisotropic therma  conductivity. The therma  conductivity is 
∼0.06 W/m· K a ong the ce  u ose a ignment direction, whi e a 
considerab y  ow va ue of ∼0.03 W/m· K can be achieved in the 
perpendicu ar direction (Figure 10D). When compared with 
synthetic, nonrenewab e structures (e.g., styrofoam), the 
therma  insu ation nanowood possesses a simi ar y  ow therma  

conductivity but signifcant y higher mechanica  strength and 
stifness (Figure 10E). 

A ternative y, the therma  management of wood can a so be 
achieved via the surface coating of anisotropic therma  y 
conductive boron nitride (BN) nanosheets, which maintains 
the therma  conductivity of 390 and 2 W/m· K in the in-p ane 
and through-p ane directions, respective y.119 The BN-coated 
densifed wood can faci itate in-p ane therma  difusion whi e 
b ocking the heat conduction in the vertica  direction (Figure 
10F). Meanwhi e, BN can serve as an oxygen barrier upon 
exposure to fre. These synergistic efects of BN coating resu ted 
in a 2-fo d increase in the ignition de ay time of densifed wood 
(Figure 10H). Such a method provides a viab e so ution to 
fabricating high-performance structura  materia s in terms of 
mechanica  properties, therma  management, and fre resistance 
(Figure 10G). In addition to de ignifed wood and densifed 
wood samp es, the therma  y insu ating wood products can be 
prepared by using sawdust, a waste byproduct from wood 
processing, as the starting materia .120 The  ightweight, cost-
efective, sustainab e, and insu ating wood foam derived from 
sawdust is promising to substitute for ubiquitous po ystyrene 
foams in modern construction (Figure 10I). 

To further reduce bui ding energy consumption, therma  
energy storage wood can be prepared with temperature-
conditioning functions.121 Considering the re ative y  ow heat 
capacity of the wood itse f, the impregnation of phase change 
materia s into the porous wood structure has been adopted. For 
examp e, po yethy ene g yco  (PEG) is regarded as a versati e 
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Figure 10. (A) Schematics of therma  y insu ating properties of nanowood.118 Reproduced with permission from ref 118. Copyright 2018 American 
Association for the Advancement of Science. (B) Photograph of the therma  y insu ating wood. Reproduced with permission from ref 118. Copyright 
2018 American Association for the Advancement of Science. (C) Schematics of the a igned ce  u ose nanofbri s in the nanowood before and after 
de ignifcation. Reproduced with permission from ref 118. Copyright 2018 American Association for the Advancement of Science. (D,E) Measured 
therma  conductivity of the nanowood and comparison with existing therma  y insu ating materia s. Reproduced with permission from ref 118. 
Copyright 2018 American Association for the Advancement of Science. (F) Schematic of the therma  conductivity and heat insu ating properties of the 
BN-coated densifed wood.119 Reproduced with permission from ref 119. Copyright 2020 John Wi ey and Sons. (G) The burning behavior of the BN-
densifed wood under the propane fame. Reproduced with permission from ref 119. Copyright 2020 John Wi ey and Sons. (H) Comparison of the 
ca cu ated ignition de ay time of this work with other reported fre-resistant wood resu ts in an externa  heat fux of 50 kW m−2.  Reproduced with 
permission from ref 119. Copyright 2020 John Wi ey and Sons. (I) Fabrication of therma  y insu ating wood foams derived from sawdust.120 

Reproduced with permission from ref 120. Copyright 2022 E sevier. (J) Schematic i  ustration of the fabrication process of the therma  energy storage 
wood.121 Reproduced with permission from ref 121. Copyright 2020 E sevier. (K−M) Therma  infrared images and corresponding temperature−time 
curves of the therma  energy storage wood samp es. Reproduced with permission from ref 121. Copyright 2020 E sevier. 
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organic phase change materia  with high  atent entha py, 
stabi ity, and a high y tunab e phase transition temperature. 
To boost the therma  re iabi ity of wood, Xu et a . infused si ica-
stabi ized PEG into the pores of wood via vacuum inf tration 
(Figure 10J).121 The inf trated functiona  materia  can store or 
re ease  arge amounts of heat during the phase transition process 
to keep the indoor temperature stab e. As presented in the 
therma  infrared images in Figure 10K, the surface temperature 
of PEG-modifed wood is  ower than the contro  samp e, 
showing the capabi ity of PEG to absorb heat during phase 
change and s ow the temperature variation of the environment 
(Figure 10L,M). To fu f   the promise of reducing greenhouse 
gas (GHG) emissions through embodied and operationa  

energy savings, the great cha  enge of upsca ing these chemica  
processes to produce construction-size pane s is on the horizon. 
5.2. Radiative Cooli g Wood 

Coo ing of bui dings based on conventiona  air conditioners not 
on y consumes substantia  amounts of energy but a so engenders 
a serious greenhouse efect due to ozone-dep eting coo ants. 
Therefore, efcient, eco-friend y, and cost-efective approaches 
with net coo ing capabi ity are demanded to rep ace traditiona  
coo ing systems. Passive radiative coo ing invo ves high so ar 
refectance and infrared radiation passing through the 
atmospheric transparent window with zero energy consumption. 
However, sophisticated emissive coatings, such as metamateria s 
and nanophotonic structures, are typica  y required, and it is 

A 

D 

0.1 

! O.Q1 

13 17 

Wavelength (~1m) 

F 

H 

E 

J ~ 
0 -

0 "" 
II 
H 

0 -

0 
11 ,vv-. 
H 

0 "' 
Ii """ 
H 

-Pre-1 980 
- Post-2004 

20~-----~so 

Energy Percentage 

SpecificSt~th 

Figure 11. (A) Schematic of the coo ing wood showing strong y scattering so ar irradiance.123 Reproduced with permission from ref 123. Copyright 
2019 American Association for the Advancement of Science. (B) Schematic of infrared emission by mo ecu ar vibration of the ce  u ose functiona  
groups. Reproduced with permission from ref 123. Copyright 2019 American Association for the Advancement of Science. (C,D) Photograph of the 
coo ing 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 coo ing energy savings and percentage among a   16 cities and tota  predicted coo ing energy 
savings of midrise bui dings extended for a   U.S. cities. Reproduced with permission from ref 123. Copyright 2019 American Association for the 
Advancement of Science. (F) The fabrication process of the coo ing  ignoce  u osic bu k.124 Reproduced with permission from ref 124. Copyright 2021 
American Chemica  Society. (G) Continuous measurement of the ambient temperature and the surface temperature of a coo ing  ignoce  u osic bu k 
under direct therma  testing. Reproduced with permission from ref 124. Copyright 2021 American Chemica  Society. (H,I) SEM images and 
photographs of the coo ing  ignoce  u osic bu k and the radar p ot show a comparison among diferent materia s. Reproduced with permission from ref 
124. Copyright 2021 American Chemica  Society. 
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Figure 12. (A) Representative pictures of native and transparent wood.74 Reproduced with permission from ref 74. Copyright 2016 John Wi ey and 
Sons. (B) Typica  optica  properties of transparent wood.82 Reproduced with permission from ref 82. Copyright 2020 Springer Nature. (C,D) 
Schematic representation and experimenta  verifcation of  ight scattering by transparent wood a ong (R-wood) and perpendicu ar (L-wood) to the 
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visib e than the para  e  white  ines 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 Wi ey and Sons. 
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hard to rea ize inexpensive and sca ab e fabrications.122 To 
circumvent this  imitation, Hu et a . at UMD fabricated fu  y 
de ignifed and densifed wood composed of a igned ce  u ose 
nanofbers, which can be emp oyed as a powerfu  radiative 
coo ing materia  (Figure 11A).123 The mu tisca e fbers and 
channe s, serving as scattering e ements, enab e high y efcient 
broadband refection in the visib e  ight range. What’s more, the 
mo ecu ar vibration of the functiona  groups on ce  u ose gives 
rise to intense emissions in the infrared region (Figure 11B). As 
shown in Figure 11C, the de ignifed wood is white, which 
refects the incident so ar energy and avoids heating in the so ar 
spectrum, and the weatherabi ity can be further enhanced after 
fuorosi ane coating without sacrifcing the coo ing capabi ity 
(Figure 11D). With this unique materia , average coo ing powers 
of 63 W/m2 and 16 W/m2 can be achieved during the night and 
daytime, respective y. It is ca cu ated that around 20−35% 
energy savings can be achieved for midrise bui dings, and the 
construction structures in hot regions genera  y maintain higher 
energy savings (Figure 11E). The mu tifunctiona  radiative 
coo ing wood is attractive for energy-efcient and sustainab e 
bui dings for roofng and siding. 

In addition to the top-down approach mentioned above, the 
bottom-up assemb y of ce  u ose fbers has a so been exp ored to 
fabricate radiative coo ing materia s. As reported by Chen and 

co-workers, they fabricated  ignoce  u osic membranes by 
vacuum f tration of the de ignifed ce  u ose fber mixed with 
SiO2 microspheres, fo  owed by densifcation via hot pressing 
(Figure 11F).124 The 8-fo d increase in tensi e strength of the 
coo ing membrane (208.5 MPa) in comparison with the pure 
wood is attributed to the strong interactions between fbers in 
the compacted ce  u ose  ayers composed of a microsca e 
network (Figure 11H). In the proof-of-concept test, the average 
coo ing power is 52 W/m2, and the subambient temperature 
dec ine can reach ∼6 K and ∼8 K during daytime and at night 
(Figure 11G), respective y. As shown in the radar p ot in Figure 
11I, such a coo ing  ignoce  u osic membrane demonstrates 
appea ing features in terms of mechanica  properties, sustain-
abi ity, cost, manufacturing, and coo ing performance, making it 
an attractive structura  materia  with substantia  y reduced 
carbon emissions and energy consumption. 

6. TRANSPARENT WOOD 
Transparent wood (TW) is an emerging materia  with added 
 ight and therma  management functiona ities, frst reported by 
Fink in 1992, and then rediscovered by the University of 
Mary and and KTH separate y in 2016.74,125 Transparent wood 
materia s are prepared from wood by de ignifcation or b eaching 
fo  owed by inf tration of a po ymer with a refractive index (RI) 
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that matches that of the scafo d (Figure 12A). Transparent 
wood is a promising energy-saving bui ding materia , with the 
potentia  to reduce indoor energy consumption by enab ing 
better therma  insu ation and ofering comfortab e indoor 
 ighting. 

Compared to g ass, TW exhibits  ower therma  conductivity, 
higher impact strength, and  ower density. Therefore, it has 
potentia  app ications in smart bui dings. Characteristic optica  
properties of transparent wood are transmittance (which 
measures the  oss of energy transport, inc uding that due to 
absorption and scattering, Figure 12B) and haze (which 
measures the  oss of information, such as imaging content). 
Compared to many other transparent scattering materia s, which 
are homogeneous or have pure y random structures, the strong 
inhomogeneous and anisotropic scattering in transparent wood 
makes the characterization of its transmittance and haze 
signifcant y diferent and cha  enging and makes the materia  
itse f a great candidate as a structura  “ ight difuse”  ayer for so ar 
ce  s,  ighting systems, and bui dings, where it can perform the 
same function as frosted g ass. At short distances from objects, 
the transparency of re ative y thin transparent wood samp es is 
comparab e with that of g ass, p astics, and ce  u ose-based 
nanopaper. However, compared to more conventiona  trans-
parent or trans ucent materia s, transparent wood revea s a 
strong anisotropic optica  behavior (Figure 12C−H). 

Ensuring proper interface compatibi ization between the 
wood scafo d and the impregnating po ymer he ps to reduce the 
number of tota  refractive index variations at interfaces and thus 
to minimize the overa   scattering. In other words, reducing 
debond gaps to a minimum is of great importance for the optica  
properties of transparent wood (Figure 13A,B). It is noteworthy 
that this prob em can be reduced by acety ating the wood 
scafo d, which a so a  ows the preparation of centimeter-thick 
transparent wood (Figure 13C).126 

Wood does not transmit visib e  ight efcient y, and it is 
fundamenta  y opaque. The extinction of  ight inside wood 
happens most y due to absorption (by  ignin) and scattering (by 
ce  u ose fbers). Making transparent wood, that is, increasing 
the transmission of  ight through wood, requires removing the 
chromophores of  ignin (b eaching), or even  ignin itse f 
(de ignifcation), as we   as reducing  ight scattering from the 
ce  u ose scafo d. B eaching and de ignifcation can be achieved 
by a variety of methods, most y invo ving the degradation of 
 ignin using oxidizers (e.g., hypoch orite, ch orite, peracids, and 
hydrogen peroxide) or reducing agents (such as hydrosu fte). 
Temperature, time, and reactant concentration, as we   as wood 
species and samp e thickness, a   infuence the process. The 
reduction of  ight scattering can be achieved by f  ing the  umina 
with materia s having a refractive index RI comparab e with that 
of ce  u ose (which is on average around 1.5). In a semina  1992 
paper, Fink proposed to impregnate (a so by the aid of vacuum) 
a b eached wood scafo d with partia  y po ymerized (meth)-
acry ate (e.g., methy  methacry ate) or viny  (e.g., styrene, N-
viny carbazo e) monomers, and then comp ete the po ymer-
ization in situ.127 Po y(methy  methacry ate) (PMMA) has a RI 
  1.49, for po y(styrene) is around 1.6, and that of po y(N-
viny carbazo e) is even higher (RI   1.69). Fink a so suggested 
that co ored or fuorescent transparent wood cou d be obtained 
by dispersing pigments or  uminescent materia s in the 
po ymerizing mixture. This method, origina  y described to 
faci itate the microscopic observation of wood anatomica  
features, has become wide y adopted to prepare transparent 
wood materia s for engineering app ications.74,125 UV-triggered 
po ymerization approaches are now used a ongside more 
conventiona  therma  initiation systems, and severa  other 
po ymers have been used for impregnation, with a c ear 
tendency toward biobased ones. A though PMMA is sti   the 
most popu ar, epoxy or thio 128,129 −ene resins are on the rise, as 
we   as po y(viny  a coho ).130 Toward more “green” transparent 

Figure 13. (A) Photograph showing nonacety ated transparent wood ( eft) and acety ated transparent wood (right).126 (B) Scanning e ectron 
microscopy (SEM) images of nonacety ated (top) and acety ated (bottom) transparent wood: the  atter shows no interface debonding gaps. (C) 
Picture of a 7 mm thick transparent wood. (A−C) Reproduced with permission from ref 126. Copyright 2018 Roya  Society of Chemistry. (D,E) A 
 arge-sca e sheet (400 mm × 110 mm × 1 mm) of transparent wood prepared from wood cut a ong the  ongitudina  (i.e., a ong the fber) direction and 
transparent wood a ong the transverse (i.e., perpendicu ar to the fber) direction, patterned with a “tree  eaf” shape.83 Reproduced with permission 
from ref 83. Copyright 2021 American Association for the Advancement of Science. 
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wood, it is noteworthy to mention the use of acry ic acid-cho ine 
ch oride,131  imonene acry ate,132 and chitosan.133 Due to the 
 arge amount incorporated in the wood scafo d, the 
physicochemica  characteristics of the impregnating po ymer 
have a great infuence on the mechanica , other than the optica , 
properties of transparent wood. TW with diferent degrees of 
fexibi ity or rigidity has been described. It is noteworthy that a 
TW with programmab e shape-memory abi ity has been recent y 
deve oped by introducing epoxy-based vitrimers (dynamic 
cova ent y cross- inked po ymers) into 2 mm-thick de ignifed 
wood.134 In such composite, shape programming and recovery 
was achieved within 30 min by transesterifcation, respective y at 
150 and 60 °C. 

Notab e progress has been made a so to improve and up-sca e 
the fabrication of transparent wood as we   as unrave  its comp ex 
optica  properties. However, de ignifcation, removing up to 30 
wt % of wood tissue, weakens the wood structure and makes the 
hand ing and fabrication of  arge samp es cha  enging and 
impractica . As a so ution, se ective remova  of chromophores 
(b eaching), preserving the aromatic  ignin structure and thus 
mechanica  properties and hydrophobicity, has been proposed. 
These approaches use a ka ine hydrogen peroxide instead of 
peracids or ch orine-based oxidants. With the “ ignin-retaining 
method” proposed by Li et a .,135 up to 80 wt % of the  ignin was 
preserved,  eading to better mechanica  properties after 
refractive index matching by impregnation with PMMA. Xia et 
a . reported an a ternative method, which does not require the 
comp ete immersion of wood in the b eaching mixture.83,136 

Instead, a ka ine hydrogen peroxide is brushed on the surface of 
the wood and is then subjected to irradiation with UV or so ar 
 ight. Compared to immersion methods, the processing time is 
strong y reduced (1−6.5 h instead of 4−14 h) (Figure 13D,E). 

Over the past few years, severa  additiona  ways to improve the 
therma  and optica  properties of TW, such as the incorporation 
of phase-change materia s (PCMs), thermo-, photo-, and 

e ectrochromic materia s, fuorescent, phosphorescent, and 
u travio et-shie ding materia s, have been described to promote 
its use in the bui ding sector (Figure 14A,B).137 Phase change 
materia s (PCMs) are temperature-responsive materia s that can 
reversib y store or re ease therma  energy by changing their 
mo ecu ar arrangements from one physica  state to another. For 
organic PCMs such as po yethy ene g yco , fatty a coho s, 
parafns, and fatty acids, phase changes are governed by the 
crysta  ization and me ting of their  ong chains. Crysta  
formation and me ting a so infuence the  ight scattering 
behavior of the materia . Therefore, composites of PCMs with 
wood are exp ored for temperature-contro  systems with 
switchab e optica  properties (Figure 14F,G).138 However, for 
physica  y incorporated PCMs, the so id− iquid phase transition 
can be associated with  eakage. This prob em can be so ved by 
incorporating PCM moieties into copo ymers, as proposed by 
Qiu et a .139 Impregnating a de ignifed wood scafo d with a 
styrene-buty  acry ate copo ymer containing 5% of octadecane 
side chains resu ted in TW with the convenient y  ow  atent heat 
of me ting and crysta  ization (7.20 ± 0.22 J g−1 and 6.41 ± 0.54 J 
g−1, respective y),  ow therma  conductivity (∼0.19 W m−1 K−1; 
for comparison, conventiona  g ass has ∼1.2 W m−1 K−1) as we   
as  ow therma  difusivity (∼0.1 mm2 s−1). 

Another approach for improving the therma  properties of 
TW is to reduce its transparency to near-infrared (NIR) 
radiation. This has been achieved by impregnating de ignifed 
wood with a po ymer matrix containing nanopartic es ab e to 
absorb (e.g., cesium tungstate CsxWO3, 

140 antimony-doped tin 
oxide Sb-SnO 141

2 ) or refect (vanadium dioxide VO2) NIR  ight. 
The temperature-mediated reversib e meta −semiconductor 
phase transition in VO2 is accompanied by a  arge decrease in 
NIR transmittance. The phase transition temperature of pure 
VO2 is around 68 °C but can be  owered to room temperature, 
e.g., by doping with tungsten (W-VO2),142,143 so that visib e  ight 
is (partia  y) a  owed to trave  through the composite, whi e IR 

C 
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Figure 14. (A) Mode  house with ( eft) 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 Wi ey and Sons. (B) Transparent (TPW,  eft) and  uminescent transparent (TPW@ 
QD, right) p ywood with isotropic  ight-emitting characteristics, under UV  ight irradiation. TPW@QD contains green-emitting CdSe/ZnS quantum 
dots.137 Reproduced with permission from ref 137. Copyright 2018 E sevier. (C) Picture showing mode  houses with uniform indoor i  umination 
achieved using de ignifed densifed wood pane s, native and  uminescent, when exposed to a UV  ight source.149 Reproduced with permission from ref 
149. Copyright 2020 American Chemica  Society. (D) Luminescent native wood membranes.150 Reproduced with permission from ref 150. Copyright 
2022 Roya  Society of Chemistry. (E) Schematic scene showing the  ight distribution inside a bui ding by app ying a conventiona  g ass cei ing ( eft) 
and a transparent “aesthetic wood” window (right).82 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 diferentia  scanning ca orimetry (DSC) curves of temperature-responsive transparent wood (TW-TES) before and after 
therma  cyc ing, indicating good therma  re iabi ity after 20 cyc es.138 Reproduced with permission from ref 138. Copyright 2019 American Chemica  
Society. 
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Figure 15. (A) Schematic representation and current density−vo tage curves for a GaAs ce   with the transparent wood coating (red  ine) and without 
(b ack  ine).128 Reproduced with permission from ref 128. Copyright 2016 E sevier. (B) Schematic representation of a so ar ce   based on transparent 
wood and its current density−vo tage curves. 154 Reproduced with permission from ref 154. Copyright 2019 American Chemica  Society. (C) 
Transparent ce  u ose nanofbri s composite as a  ight management  ayer for so ar ce  s.155 Reproduced with permission from ref 155. Copyright 2020 
Springer Nature. (D,E) Schematic representations of the piezoe ectric efect originating from the deformation of crysta  ine ce  u ose domains in wood 
and wood sponge.160 Reproduced with permission from ref 160. Copyright 2021 American Association for the Advancement of Science. (F) 
Demonstration (tensi e test) of enhanced compressibi ity of wood sponge compared to native wood.161 (G) Vo tage ( eft) and current (right) output 
of a wood sponge under a constant stress of 13.3 kPa. (H) Schematic representation ( eft) and picture (right) of a  arge-sca e piezoe ectric wood sponge 
nanogenerator. (I) Demonstration of a wood sponge nanogenerator powering a  iquid crysta  disp ay (LCD) when pressed by a foot. (F−I) 
Reproduced with permission from ref 161. Copyright 2020 American Chemica  Society. 
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 ight is refected away. It is important to note that a   these 
nanopartic es give intrinsic co ors to the TW, and the fact that 
their phase transitions are usua  y accompanied by a visib e co or 
change. 

Neverthe ess, because TW which can change co or upon 
diferent stimu i cou d be desirab e for “smart windows” 
app ications,144 severa  studies discussed the incorporation in 
TW of a variety of organic and inorganic materia s for thermo-
(e.g., ODB dyes,145 the a ready mentioned VO2) and photo-
chromic (especia  y using spyropyran dyes composites).146 An 
e ectrochromic transparent wood device was a so reported, 
made by sandwiching a ge  e ectro yte between two po y(3,4-
ethy enedioxythiophene):po y(styrenesu fonate) (PE-
DOT:PSS)-coated TW e ectrodes, one functiona ized with the 
e ectrochromic dye ECP-magenta and the other with a co or ess 
charge-storage po ymer (MCCP). A magenta-to-c ear co or 

change was then obtained upon the app ication of a re ative y 
 ow vo tage (0.8 V). 

A high y undesirab e co or change is one cha  enge, which 
accompanies the pro onged exposition of transparent wood to 
u travio et radiation (“ye  owing”). Exposure to UV−C strong y 
afects the co or and transmittance of transparent wood in a 
matter of days. Upon irradiation, TW acquires a ye  ow co or, 
which darkens with increasing exposure time due to the 
reactivation of chromophores of residua   ignin as we   as the 
degradation of the impregnating po ymer.147 To a  ow the 
app ication of transparent wood in bui dings, e.g., as windows 
and roofs, it is of great importance to increase its resistance 
against environmenta  degradation (especia  y the UV  ight-
induced one) and ye  owing. 

Luminescent wood is a high y promising materia  for indoor 
 ighting. The incorporation of fuorescent, phosphorescent, or 
e ectro uminescent moieties inside wood cou d a  ow the design 
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of pane s and disp ays for smart bui ding app ications. 
Luminescent wood was frst mentioned in a 1992 Fink’s 
paper, obtained by dispersing inorganic phosphors in the 
impregnating po ymer matrix, an approach reinvestigated 
decades  ater.148 Since then, many reports have been pub ished 
on the incorporation of quantum dots in transparent or 
de ignifed and densifed wood scafo ds (Figure 14B,C).149,150 

An interesting approach to fabricating  uminescent wood, which 
does not require de ignifcation nor refractive index matching 
because it takes advantage of direct  ight transmission through 
the wood (“shine-through”), has been recent y reported (Figure 
14D).151 

Despite the techno ogica  re evance that optoe ectronic wood 
devices can have for smart bui dings, on y a few reports are 
avai ab e on this subject. De ignifed wood impregnated with 
po y(acry ic acid) and a mixture of fuorophores, obtained from 
the hydrotherma  treatment of citric acid and urea, was used as a 
white  ight-emitting  ayer converting the UV emission from a 
conventiona  LED chip.152 The assemb y of e ectro uminescent 
devices was reported by sandwiching a conventiona  inorganic 
phosphor (copper-doped zinc su fde, ZnS:Cu) between two 
 ayers of transparent wood, whose surface was made conductive 
by spray-coating si ver nanowires. The resu ting devices were 
c aimed to have superior performance compared to more 
conventiona  paper and p astic substrates, especia  y in terms of 
resistance against humidity and temperature changes.153,154 

7. ENERGY-CONVERSION WOOD 
In addition to contributing to reduced energy consumption, 
wood materia s can a so be usefu  for energy conversion. 
Transparent wood has been used as a broadband  ight 
management  ayer to enhance the trapping of photons inside 
the active  ayer in a standard ga  ium arsenide so ar ce   (Figure 
15A).128 More recent y, transparent wood was used as a 
substrate for a  ow temperature (<150 °C)-processed perovskite 
so ar ce   (Figure 15B).155 In these reports, transparent wood 
was obtained from radia -cut veneer, which is easier to de ignify 

and impregnate and with good optica  properties, but rather 
 imited in size. To a  eviate this prob em, a two- ayer transparent 
wood with channe s oriented perpendicu ar (0/90°) to each 
other, obtained from rotary-cut veneer, was proposed to increase 
the performance of a conventiona  si icon so ar ce   (Figure 
15C).156 Neverthe ess, the cha  enges associated with  ong-time 
exposure of transparent wood to intense  ight sources have not 
yet been taken into account, which  imits the rea -wor d 
app icabi ity of these systems. It is noteworthy that the 
app ication of  uminescent transparent wood for  uminescent 
so ar concentrators (LSCs) has been suggested but not yet 
demonstrated in practice. 

Another very promising direction is represented by wood 
nanogenerators. Nanogenerators are devices ab e to harvest  ow-
grade energy, for examp e, from sma   temperature gradients, 
vibrations, or mechanica  movement, and to convert it direct y 
into usefu  e ectricity by taking advantage of pyro-, piezo-, 
triboe ectric, or other e ectromechanica  coup ing efects.157 The 
e ectrica  output can vary depending on the device design and 
the efciency of the active materia s used, but triboe ectric 
nanogenerators (TENGs) can generate very high vo tages (up to 
the kV range) and currents (up to the mA range). Large-sca e 
nanogenerators are especia  y re evant as point-of-use power 
sources in smart bui dings, for examp e, as energy-harvesting 
foorings. Conventiona  nanogenerators make use of high y 
efcient but expensive, often toxic, inorganic materia s (such as 
barium titanate,  ead zirconium titanate, cha cogenide semi-
conductors, etc.), but severa  promising biobased substitutes 
have been a ready described, inc uding wood-based ones. 

Thanks to the uniaxia  orientation and monoc inic symmetry 
of semi-crysta  ine ce  u ose fbri s, wood is a piezoe ectric 
materia , i.e., can generate a measurab e, a though sma  , 
e ectrica  output when subjected to mechanica  stress (Figure 
15D).158,159 Recent y, it was demonstrated that this piezo-
e ectric output can be increased by increasing wood 
compressibi ity through de ignifcation (Figure 15D, E).160,161 

Se ective remova  of  ignin from ba sa wood using bio ogica  or 
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Figure 16. (A) Schematic representation and working mechanism of a functiona ized triboe ectric wood nanogenerator.170 (B) Scanning e ectron 
microscopy (SEM) images of cross-cut ( eft) and radia -cut (right) spruce wood: native and after functiona ization with in situ-grown ZIF-8 or with 
PDMS, to make wood respective y more tribopositive and more tribonegative. The inset shows the morpho ogy of ZIF-8 grown on wood (sca e bar: 
500 nm). (C) Vo tage ( eft) and current (right) output of a  arge-sca e (20 tribowood units, each 2 cm × 3.5 cm) triboe ectric wood nanogenerator 
under a contact force of 50 N. (A−C) Reproduced with permission from ref 170. Copyright 2021 Ce   Press. 
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chemica  (acetic acid−hydrogen peroxide mixture)161 means 
resu ted in high y compressib e wood sponges, with a piezo-
e ectric output ≥85 times higher than native wood (Figure 15F− 
I). However, the  imited e ectrica  output (vo tage 0.69 V, 
current 7.1 nA, and peak power density 0.6 nW cm−2 for a 15 × 
15 × 14 mm3 sponge under a pressure of 13.3 kPa) and 
prob ematic sca abi ity (chemica  de ignifcation is much faster 
than the bio ogica  one, hours instead of weeks, but requires a 
freeze-drying step) of the process make this approach more 
suitab e for sma  -sca e app ications (e.g., for sensing). 

Triboe ectric wood nanogenerators, thanks to notab y higher 
e ectrica  outputs, are more suitab e for  arge-sca e app ications. 
In recent years the deve opment of biobased triboe ectric 
materia s, especia  y using po ysaccharides such as ce  u ose, has 
generated a huge research interest.162 However, extensive and 
comp icated modifcation steps are often required to produce 
materia s with sufcient performance, reducing their overa   
sustainabi ity. Wood, as a state-of-art materia  for foorings and 
wa   pane s, is a very promising yet cha  enging substrate for the 
design of triboe ectric nanogenerators. Native wood has 
neg igib e triboe ectric properties, due to the antistatic proper-
ties of  ignin and the re ative y  ow po arizabi ity of 
ce  u ose.163,164 Conventiona  y, de ignifcation and coup ing 
with more efcient (but  ess sustainab e) triboe ectric materia s 
such as fuorinated po ymers (PTFE, FEP) are exp oited to 
increase the output.165,166 Functiona ization with aminosi anes 
and fuorinated si anes has a so been reported to make 
de ignifed densifed wood respective y more tribopositive and 
tribonegative.167 A nanogenerator made with a fuoropo ymer 
(FEP) tribonegative e ectrode and a counter e ectrode made 
with de ignifed wood impregnated with sing e-wa  ed carbon 
nanotubes (SWCNTs) has been c aimed to a  ow energy 
harvesting and gas sensing at the same time.168 Exposure to ppm 
amounts of ammonia gas resu ted in a decrease of the e ectrica  
output which, coup ed with good resistance against humidity 
and  ow temperatures, makes such nanogenerator potentia  y 
usefu  in smart packaging, to he p detect spoi age of high-protein 
foods. App ications for smart bui dings are on the rise too, with 
se f-powered wood devices (main y sensors) being proposed as 
smart home contro  systems.169 Neverthe ess, generating energy 
just by wa king or tapping on a wooden foor or desk is an 
enticing techno ogica  opportunity. Recent y, triboe ectric 

fooring was obtained, without the need for de ignifcation, by 
functiona izing a wood scafo d with ZIF-8 meta −organic 
framework (MOF) nanocrysta s (making wood more tribo-
positive) and si icone po ymer (PDMS, making wood more 
tribonegative) (Figure 16). In that study, the advantage was 
taken of the characteristic features of wood to increase, 
respective y, the mechanica  stabi ity of the ZIF-8 partic es and 
the surface area of the PDMS  ayer.170 

Despite the great promises of piezo- and triboe ectric wood 
nanogenerators, severa  cha  enges of both fundamenta  and 
app icative nature need yet to be addressed. The exact 
mechanisms of e ectricity generation in wood materia s are 
sti   a subject of debate, whi e new and improved designs are 
researched with a high y empirica  process. From the 
sustainabi ity point of view, much remains to be done as we  . 
The use of fuoropo ymers signifcant y reduces the positive 
aspects brought by the use of wood. A so, the recyc abi ity and 
disposa  of these devices are waiting to be consistent y 
addressed. 

8. CARBON IMPACT AND RECYCLABILITY OF 
ENGINEERED WOOD PRODUCTS 

Around 3.7 gigatons of CO2 are emitted annua  y from the g oba  
stee  industry, fo  owed by 2.5 gigatons from the cement sector, 
1.1 gigatons from the a uminum (A ) industry, 850 mi  ion tons 
from the p astics industry, and 86 mi  ion tons from g ass 

17).171,172manufacturing (Figure Specifca  y, stee -based 
structura  materia s have been wide y emp oyed for construction 
app ications. Stee  is typica  y manufactured via a high-
temperature process that consumes a signifcant amount of 
energy (∼20 GJ/t for stee ) and produces  arge greenhouse gas 
emissions (∼1.9 t CO2-eq/t for stee ).173 Considering the 40 
mi  ion tons of stee  used in the construction industry in the 
United States per year, 76 mi  ion 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 direct y 
and used to fabricate mass timber products. During the growth 
of trees, it is estimated that 1.8 kg of CO2 can be removed from 
the atmosphere per kg of dry wood via photosynthesis. Thanks 
to the advances made so far in wood nanomateria s and 
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nanotechno ogies, severa  man-made and energy-intensive 
bui ding materia s common y used in construction cou d be, in 
part or comp ete y, substituted by engineered wood products 
(Figure 17). Switching from energy-intensive structura  
materia s to more sustainab e wood-based products represents 
an efective approach to reducing embodied emissions from the 
bui ding sector. 

A major obstac e for the construction sector to become more 
sustainab e is the  ow recyc ing and reuse of wood-based 
products. Herein, the biggest barrier to the reuse of structura  
members is the  ack of nondestructive methods to eva uate the 

structura  integrity or  ocate defects. In Switzer and, for examp e, 
the current recyc ing rate of wood-based products is as  ow as 
∼10%.174 One obvious reason for that is the good ca orifc va ue 
of wood, making its use as an energy source favorab e in many 
cases.175 However,  imitations to recyc ing a  arger amount of 
engineered wood are a so c ose y connected with estab ished 
wood treatments, in particu ar bonding (e.g., adhesives) and 
protective (e.g., fre-retardancy, wood degradation) purposes. 

The vast majority of wood-based products used in the 
construction sector are bound using synthetic adhesives (Figure 
18).175−177 The deve opment and imp ementation of materia s 

' 
~~ ',,,,, 

Synthetic adhesive bondlines • :Jlllr' 

[Ill] 
Incineration plant -- - - -

Fungi antagonists 

Figure 18. (top) Schematic representation of common factors strong y impeding recyc ing of wood products. These inc ude the formation of difcu t-
to-separate wood-based materia s with synthetic adhesive bond  ines and the use of biocida  preservatives. (bottom) To promote efcient recyc ing of 
wood products, the use of biobased (e.g., derived from  ignin) and reversib e/detachab e bonds as we   as adhesive-free bonding techniques shou d go 
hand-in-hand with the app ication of nontoxic preservatives. The rea ity, however, is that those adhesive bonding techniques, which wou d faci itate 
recyc ing, fai  in providing the required (wet) stabi ity and durabi ity issues for structura  app ications sti   need to be overcome. CLT picture.176 

Reproduced with permission from ref 176. Copyright 2022 E sevier. SEM image of a bond  ine in spruce (fber direction in bonded wood parts diferent 
from CLT). Reproduced with permission from ref 177. Copyright 2012 Springer. Pictures of CCA-treated wood.403 Picture of fungi antagonist.208 

Reproduced with permission from ref 208. Copyright 2008 E sevier. Picture: Japanese joinery techno ogy: www.spoon-tamago.com. 
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such as g ued  aminated timber (g u am) and cross- aminated 
timber (CLT) wou d not have been possib e without using 
tai ored po ycondensation (e.g., PRF) or po yaddition (PUR) 
adhesives, which can provide a strong and moisture-resistant 
 ong-term bond joint between wooden e ements.178,179 

However, these properties, which are essentia  to obtain re iab e 
structures are strong hinders against their efcient recyc ing. 
One reason is that the separation of the thermoset adhesives 
from wood after the end of  ife of a wood product is a very 
comp icated and, in the current conditions, uneconomica  
process. Moreover, due to the porous nature of wood, the 
adhesive  ayer is not confned to the wood surface, instead, it 
penetrates into the ce    umina and, in the case of PRF or MUF, 
even into the wood ce   wa  s.180 Hence, besides the cha  enge of 
separating the wood e ements  eaving intact the bu k whi e 
removing the adhesive from the surface, it is necessary to 
consider the near-surface interphase region in which wood and 
adhesive are tight y interwoven at the micro- and nanosca e.181 

The detrimenta  efects of estab ished bonding processes on 
the recyc abi ity of wood products are current y tack ed by 
diferent research approaches working at diferent  ength sca es 
(Figure 18). Synthetic adhesives or meta  fasteners exemp ify a 
few practica  obstac es to separating and recyc ing wood 
products from bui ding deconstruction. To address the 
cha  enge of disassemb ing structura  connections, some have 
investigated traditiona  wood joinery as an a ternative to both 
adhesive and mechanica  fasteners in structura  connections. 
The efectiveness and practica ity of joinery without adhesives or 
fasteners, however, are  imited by severa  factors. The to erances 
required to ft and assemb e components, for examp e, genera  y 
produce connections that  ack stifness.182 Others have 
attempted to deve op connection a ternatives by conversion of 
wood components into adhesives based on the degradation of 
the wood surface by a CO2 pu sed  aser or through the so-ca  ed 
wood we ding process.183 In the wood we ding process, rubbing 
two wood pieces against each other, with a certain frequency and 
under the app ication of a certain pressure, resu ts in a high-
temperature generation at the interface between the two 
wooden e ements.184−186 This in turn me ts the  ignin, which 
then acts as a g ue producing a rigid bond  ine of high dry 
strength, a   with rather  itt e bu k wood degradation. The major 
prob em against a wider app ication of this technique is the  ow 
wet strength,187 which exc udes any structura  app ication for 
wood we ded materia s. Current research activities aim at 
increasing the wet strength,188−190 but so far no fu  y satisfying 
so ution cou d be found, main y because of the comp exity of the 
process. For the foreseeab e future, therefore, both joinery and 
wood we ding remain niche a ternatives to standardized 
structura  connections. 

The most promising approach is to change the composition of 
the adhesives by substituting artifcia  components with 
biobased ones. Since ancient times, natura  g ues based on 
proteins or po ysaccharides have been used for bonding 
purposes (e.g., ge atin, g uten, dextrin, and starch) and are sti   
used in severa  app ications, for instance, for the g uing of 
wooden musica  instruments. These g ues show exce  ent 
properties in the dry state but sufer,  ikewise wood we ding 
connections, from a  ow or even not-existing wet 
strength.184,191,192 Research eforts to increase the cross- inking 
density of these biobased raw materia s are promising,193 but 
further progress is needed. A so,  ignin, which is obtained in huge 
amounts as a byproduct of the pu p and paper industry, as we   as 
tannins, are seen as a high y va uab e starting materia  for the 

deve opment of biobased adhesives.184,194−197 However, 
especia  y  ignin residues from pu p and paper production are 
very heterogeneous in terms of mo ecu ar size and functiona  
groups, which a so depends on the de ignifcation process 
app ied.198 As a consequence, e aborate fractionation, depo y-
merization, and characterization eforts are needed to ensure the 
qua ity and reproducibi ity of  ignin components.199 

Another cha  enge associated with the deve opment of 
biobased adhesives is the necessity to increase the cross- inking 
density, whi e at the same time reducing the accessibi ity of 
−OH groups to achieve a sufcient wet strength of the bond 
joint. This is a ready difcu t to achieve with an efcient and 
sca ab e chemica  process, and it becomes even more cha  enging 
when the consequences of chemica  y a tering natura  products 
are considered. Such modifcations most often  ead to materia s 
that, a though biobased, have  ost their characteristic biodegrad-
abi ity. Whereas favorab e for technica  app ications as, e.g.,  ong-
term adhesives, it makes them inappropriate in the context of a 
circu ar economy. Hence, together with the biobased adhesive 
approach, the possibi ity of a debonding on demand must be 
introduced to the picture. The research on this subject is sti   in 
its infancy but cou d turn out to be a game-changer, a  owing us 
to overcome the obstac es to the recyc abi ity of wood products. 

Besides wood bonding, treatments for modifcation, and in 
more recent times a so functiona ization, can strong y impede 
the recyc abi ity of wood materia s and wood products. Whi e 
wood modifcation and preservation treatments serve to 
improve durabi ity and dimensiona  stabi ity,200−202 functiona -
ization serves to enab e wood with new properties, opening new 
fe ds of app ications for wood.28,203,204 A common feature is 
that chemica  treatments are app ied, resu ting in often dramatic 
changes in the chemica  composition of the treated wood. The 
most detrimenta  in terms of recyc abi ity is the use of various 
biocide preservatives, whose importance for the durabi ity of 
timber structures has been reviewed recent y.176 A though 
hea th safety issues and environmenta  concerns have resu ted in 
the prohibition of severa  chemica  compounds and combina-
tions, especia  y, for use in residentia  structures, wood 
impregnated with preservative materia s sti   in use has to be 
treated as hazardous waste after its end of  ife. A ternative 
approaches for wood protection try to prevent the degrading 
action of specifc wood degrading fungi using natura  fungi 
antagonists.205 A though promising resu ts have been obtained 
recent y, further deve opment is required. Ensuring wood 
durabi ity is crucia  in the context of a g oba  rise in timber 
bui ding construction as a c imate protection measure. A 
majority of future bui dings wi   be erected in hot and humid 
c imates, favorab e conditions not on y for the growth of decay 
fungi but a so for termites, which are major threats to wood 
structures. Research on efcient but environmenta  y friend y 
protection against termites is of utmost importance, a so given 
the fact that c imate change wi   favor the spreading of termites 
around the g obe.206 

Increased durabi ity can be achieved a so by wood 
modifcation treatments for increased dimensiona  stabi ity. 
This is the case of wood acety ation, in which the resu ting 
hydrophobization of the ce   wa   he ps impede funga  attacks.207 

Acety ated wood remains recyc ab e, whi e modifcation treat-
ments with cross- inking po ymers appear prob ematic, in 
particu ar when they are not biobased. Simi ar y, functiona iza-
tion treatments with inorganic or po ymeric compounds wi   
strong y  imit the recyc abi ity of functiona  wood materia s as 
 ong as green chemistry ru es are not strict y app ied. These 
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aspects shou d generate more attention in the future for an 
advantageous deve opment of this emerging research fe d. 

9. LCA OF ENGINEERED WOOD PRODUCTS 

9.1. Basics of LCA o  E gi eered Wood Products 

LCA is a standardized too  to eva uate the environmenta  
impacts of a product or a process throughout its  ife cyc e.209 As 

shown in Figure 19A, the LCA framework consists of four main 
phases, name y the goa  and scope defnition, Life Cyc e 
Inventory (LCI) ana ysis, Life Cyc e Impact Assessment 
(LCIA), and Life Cyc e Interpretation.209,210 

The frst phase of LCA defnes the goa  and scope of a study. 
The scope defnition needs an exp icit description of the subject 
to be studied (e.g., an engineered wood product), functiona  
unit, system boundary, data requirements, impact categories 
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~ 
se ected, and other scope defnition items.209,211 Previous LCAs 
of engineered wood products common y se ect product- eve  
units as their functiona  units (e.g., 1 m3 of wood product, 1000 
board feet of wood product). Among those, 1 m3 of engineered 
wood products is the most adopted in previous  iterature.212−251 

Other product- eve  functiona  units are re ated to specifc 
constructiona  app ications (e.g., 1 m2 of the roof, 30 m2 of 
surface decking) to compare with traditiona  bui ding materia s 
(e.g., stee ).252−254 For examp e, Petersen and So berg used 1 m2 

roof as the functiona  unit to compare the  ife-cyc e energy 
consumption and greenhouse gas (GHG) emissions of g u am 
and stee .252 Besides, stand- eve  functiona  units (e.g., 1 ha 
forest  and) can be used to incorporate the efects of forest 
management strategies and forest yie d into the LCA of wood 
products.255Figure 20A and C shows an examp e from Lan et a ., 

who deve oped a dynamic LCA for CLT across 100 years in the 
Southeastern U.S. based on the functiona  unit of 1-ha forest 
 and. The resu ts demonstrate the substantia  impacts of forest 
productivity on the net GHG emissions of CLT (−954 to 
−1445 t CO2 eq/ha for a high forest productivity scenario 
compared to −609 to −919 t CO2 eq/ha for a  ow forest 
productivity scenario). 

The system boundary, which needs to be consistent with the 
goa  of LCA, decides which unit processes shou d be inc uded 
within the LCA.209Figure 19B shows two typica  system 
boundaries used in LCA studies of engineered wood products, 
name y crad e-to-gate and crad e-to-grave. The crad e-to-gate 
system boundary common y inc udes raw materia  extraction, 
forest operations and growth, transportation, and production. 
The crad e-to-grave system extends the crad e-to-gate system 
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boundary to cover the use phase and end of  ife (e.g.,  andf  ing, 
recyc ing, reuse, and energy recovery). The crad e-to-gate 
system boundary is he pfu  for process design and deve opment, 
particu ar y in understanding the impacts of manufacturing, or 
supp y chain-re ated parameters on environmenta  impacts. For 
examp e, Chen et a . conducted a crad e-to-gate LCA for CLT 
manufactured in Western Washington and focused on the 
comparative ana ysis of varied parameters, inc uding trans-
portation  ogistics, mi    ocation, and re evant wood species 
mixes.242 Resu ts manifest that the  ocation of  umber supp iers 
and the se ection of wood species are important factors in the 
tota  environmenta  impacts.242 Lu et a . chose the crad e-to-gate 
system boundary for a comparative LCA of  aminated veneer 
 umber (LVL) made from thinned  ogs versus mature  ogs.258 

The resu ts exhibit higher g oba  warming potentia  (GWP) and 
embodied energy for LVL from mature  ogs than thinned 
 ogs.258 Gonza ez-Garci  a et a . conducted a crad e-to-gate LCA 
for wood hardboard and identifed that chemica s, e ectricity, 
and production of green chips have  arge contributions to 
environmenta  impacts.259 Compared to the crad e-to-gate 
system boundary, the crad e-to-grave system boundary can be 
usefu  for understanding the impacts of use and end-of- ife 
design, especia  y in the context of the circu ar economy. For 
examp e, Nakano et a . performed a crad e-to-grave LCA to 
assess the  ife-cyc e human hea th efects of partic eboard and 
medium-density fberboard.260 The resu ts indicate that 
approximate y 90% of human hea th impacts were attributed 
to the use phase, a though their tota   ife-cyc e human hea th 
impacts were over 90%  ess than conventiona  products.260 End-
of- ife design is important to the  ife-cyc e resu ts of wood 
products.261 Niu et a . conducted a  iterature review and a 
stream ined LCA and conc uded that pro onging the  ifetime of 
structura  materia s such as wood by reusing and cascading he ps 
combat c imate change and reduce environmenta  burdens.262 

The second phase, LCI ana ysis, co  ects LCI data (e.g., mass 
and energy ba ances, and environmenta  emissions) based on 
the goa  and scope defned in the frst phase.209,263 The LCI data 
used in previous engineered wood products LCA main y come 
from four sources, name y  iterature, process-based simu a-
tion,264 databases (e.g., ecoinvent265 and US LCI data-
base266),242,243,267 and survey data.213,251,259,268−270 For mu ti-
product systems, system expansion or a  ocation can be used to 
determine the environmenta  burdens associated with individua  
products.214,233 

The third phase,  ife cyc e impact assessment (LCIA), 
ca cu ates the environmenta  impacts based on the LCI 
data.209,210,271 A variety of environmenta  impacts can be 
quantifed during this phase. C imate change impact, quantifed 
by GWP, is the most common y used impact category for 
engineered wood products because engineered wood products 
are expected to provide benefts in mitigating c imate changes by 
emitting  ess fossi -based GHG and storing the biogenic carbon 
as potentia  carbon sinks.255 Other impact categories (e.g., 
ozone dep etion, acidifcation, smog formation, eutrophication, 
ecotoxicity, human hea th impact, and resource dep etion) can 
be adopted depending on the goa  and scope of the LCA studies. 
For examp e, as shown in Figure 19D, Xiao et a . se ected 10 
diferent impact categories to compare the tota  environmenta  
impacts of 3D-mo ded wood materia  with a uminum a  oy.57 

Besides the se ection of impact categories, the se ection of LCIA 
methods is essentia . Common impact assessment methods 
inc ude TRACI (adopted by refs 215,232,233,242,244,272),273 

ReCiPe (used by refs 214,234,254,274),275 USEtox (emp oyed 

by refs 226,260,268,276),277 CML (uti ized by refs 
215,226,238,268,278,279),280 and Eco-indicator 99 (app ied 
in refs 218,230,250).281 

The fourth phase,  ife cyc e interpretation, makes conc usions 
and recommendations based on the resu ts of LCI or LCIA and 
identifes signifcant issues.209 The interpretation phase a so 
eva uates the LCA for comp eteness, sensitivity, and consistency, 
and discusses  imitations.209 Diferent ana ytica  techniques 
(e.g., contribution ana ysis or sensitivity ana ysis) have been 
used in this phase to understand the driving factors of 
environmenta  impacts and identify improvement opportunities. 
For examp e, Echeverria et a . app ied contribution ana ysis to 
identify the hotspots for environmenta  impacts of disso ving 
pu ps made from hardwood and softwood and found on-site 
emissions and chemica s as the main contributors across a   
disso ving pu p grades.282 In another LCA study on sustainab e 
b eaching of wood pu p, the upstream burdens of b eaching 
chemica s contribute to most  ife-cyc e environmenta  impact 
categories, and sodium su fate contributed the most among the 
chemica s, which revea s the future opportunities to reduce the 
environmenta  impacts of pu p b eaching.283 

9.2. LCAs of Traditio al E gi eered Wood Products 

LCA has been wide y emp oyed to quantify the  ife cyc e 
environmenta  impacts of traditiona  engineered wood products, 
inc uding g u am, I-joist,  aminated strand  umber (LSL), LVL, 
oriented strand board (OSB), p ywood, composite board, and 
other wood products.213,215,217,230,268,284−286 These studies have 
used LCA to identify the major contributors to environmenta  
performance. These contributors can be either  ife cyc e stages 
(e.g., forest operations, pane  production, use phase) or 
processes (e.g., chipping, heat generation, resin app ication, 
sawing).255 As disp ayed in Figure 20B, Bowers et a . performed 
a crad e-to-gate LCA on g u am and showed the contribution of 
each  ife cyc e stage (i.e., forest operation,  amstock production, 
and g u am production) to six environmenta  impact catego-
ries.212 The resu ts indicate that GWP and ozone dep etion are 
most y driven by g u am production, whi e eutrophication and 
smog formation are near y equa  y contributed by a   three  ife 
cyc e stages. Bergman and A anya-Rosenbaum studied the  ife-
cyc e environmenta  impacts of I-joist produced in the Pacifc 
Northwest (PNW) and Southeast (SE) U.S., their system 
contained fve  ife-cyc e stages, name y forest operations, LVL 
production, fnger-jointed  umber production, OSB production, 
and I-joist production.287 The resu ts 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 dep etion impact.287 

LCA has been used to understand the environmenta  
contributions of specifc manufacturing processes. Gonza ez- 
Garci a  et a . deve oped an LCA for hardboard, inc uding wood 
preparation, board forming, and board fnishing.259 Across 10 
impact categories, wood preparation presents the highest 
contribution (>50%) to a   categories due to the high e ectricity 
consumption and the fact that on y wood preparation consumes 
chemica s.259 Si va et a . deve oped a crad e-to-gate LCA for 
medium density partic eboard in Brazi  and identifed the main 
environmenta  hotspots to be the use of heavy fue  oi  as an 
energy source and the production of urea-forma dehyde as the 
adhesive resin.276 Ana yzing the contribution of  ife cyc e stages 
or processes identifes hotspots and guides future potentia  
research and deve opment for  ower environmenta  impacts.283 
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Many studies have deve oped parametric LCA to quantita-
tive y  ink decision-making parameters and environmenta  
impact resu ts.288,289 Such  inks a  ow for a better understanding 
of the environmenta  consequences of diferent decision options. 
Common parameters exp ored in previous wood products LCA 
inc ude the use of adhesive resin,215,226,236,238,272,274,279 energy 
c o n s u m p t i o n ,  2 2 6  ,  2 2 8  ,  2 2 9  ,  2 3 8  ,  2 5 8  f e e d s t o c k  s e  e c -
tions,215,268,274,279,285 fue  options,215,228,232,253,270,272 faci ity 
 ocation or transportation distance,215,251,258,267,268,284 a  oca-
tion factor,212−214,219,233,290,291 wood species,274 and end of 
 ife.215,221,253,260,278,279 Sensitivity ana ysis is often dep oyed to 
ana yze the impacts of the parameter change. For examp e, 
Puettman et a . used sensitivity ana ysis in their LCA for OSB 
production to compare diferent a  ocation methods and resin 
se ection.236 The sensitivity ana ysis demonstrates that changing 
the mass a  ocation method to the economic a  ocation method 
increase the resu ts by 16−28%; increasing the use of methy ene 
dipheny  diisocyanate resin and using no pheno  forma dehyde 
resin en arges the nonrenewab e energy consumption but  eads 
to sma   efects on the tota  environmenta  impacts.236 Khatri et 
a . dep oyed sensitivity ana ysis to investigate the environmenta  
consequences of changing adhesive resin usage, e ectricity, wood 
fue , and transportation distance in LSL manufacturing.215 This 
study shows that adhesive usage has a  arge infuence on seven 
out of nine impact indicators and conc udes that “ensuring the 
optima  adhesive use” can efcient y improve the overa   
environmenta  performance.215 Hence, using parametric LCA 
to exp ore and quantify the impacts of diferent options can 
support process optimization toward a sustainab e direction. 

As previous LCA studies are most y concerned about the 
c imate change impact of GHG emissions, many of them have 
considered CO2 sequestration during forest growth and 
biogenic carbon re ease at the end of  ife (e.g., wood waste 
 andf  ed or combusted for heat or power generation).214,246,292 

How to account for the c imate impact of biogenic carbon 
emissions is under debate. Many studies have used the carbon-
neutra  assumption that biogenic carbon emissions wi   a ways 
b e  o f s e t  b y  c a r b o n  u p t a k e  d u r i n g  f o r e s t  
growth.228,253,276,279,293−295 As a resu t, these studies either 
on y account for fossi -based carbon emissions or use a net zero 
ba ance after considering an equa  amount of biogenic CO2 
emissions and uptake.228,253,276,279,293 This carbon-neutra  
assumption has been cha  enged by many studies, especia  y 
for  ong- ived wood products.296,297 Given the  ong  ifetime, 
wood products provide temporary carbon storage (e.g., decades 
of years) when they are in use, resu ting in a de ayed c imate 
impact in terms of biogenic carbon emissions.298 The  onger 
 ifetime, the better, which is one of the reasons why  ong- ived 
wood products are recommended as a c imate change mitigation 
strategy by IPCC.299 As the traditiona  LCA method is a static 
approach, most wood products LCA have not considered the 
de ayed c imate impact of biogenic emissions. Dynamic LCAs 
have been deve oped in recent years, and severa  studies have 
shown the importance of incorporating the efect of timing into 
the carbon footprint ana ysis of wood products.300−304 For 
examp e, Carde  ini et a . deve oped a dynamic LCA for g u am, 
whose system boundary inc udes forest growth, production, use, 
and end of  ife.246 Using the dynamic approach, they estimated 
the c imate impact to be 226%, 406%, and 42%  ower than the 
static approach over 20-, 100-, and 500-year time horizons, 
respective y.246 Their resu ts high ight the need for considering 
the dynamic c imate change impact of  ong- ived wood products 
that contain biogenic carbon.246 Another source of carbon 

emissions/sinks is re ated to changes in  and use and forest 
management. A though emissions re ated to these changes are 
se dom y considered by LCAs of traditiona  engineered wood, 
this type of emissions has been reported in LCA studies on 
woody bioenergy and forest carbon stock.305−308 

9.3. LCAs of Emergi g Wood-Based Materials 

Many emerging wood-based products and materia s have been 
deve oped in recent years, some of them have been 
commercia ized (e.g., CLT) whi e others have not (e.g., 
CNC). LCA has been used in combinations of other too s 
such as green chemistry princip e309 and  ean manufacturing310 

to faci itate the ear y stage design of chemica s, materia s, 
processes, and products that are more environmenta  y friend y 
and  ess resource-intensive. For wood products specifca  y, 
many LCAs focus on pinpointing major design parameters that 
matter most in terms of environmenta  sustainabi ity to identify 
improvement directions.57,255,311,312 

For examp e, Hu et a . deve oped 3D mo dab e wood 
structura  materia  via ce   wa   engineering and performed a 
crad e-to-gate LCA to quantify the environmenta  performance 
compared to traditiona  a uminum a  oy.57 The LCA resu ts 
identify the energy consumption of the wood treatment as the 
major contributor. By reducing the de ignifcation time (which 
reduces energy consumption), the environmenta  impacts of the 
3D-mo ded wood are  arge y reduced across a   environmenta  
impact categories. Figure 20C shows another examp e where 
Lan et a . deve oped a crad e-to-grave LCA for CLT.255 

Compared to the combustion of mi   residues for energy 
recovery, se  ing mi   residues to produce durab e wood products 
reduces 13% of overa   GHG emissions but increases over 145% 
of fossi -based GHG emissions.255 Another insight is the beneft 
of recyc ing. Recyc ing 50% of the CLT can  ead to a 17−28 t 
CO2 eq/ha reduction over 100 years, compared to  andf  ing 
case.255 Santos et a . dep oyed an LCA to quantify the 
environmenta  impacts of a new type of wood product Cross-
Insu ated Timber (CIT), which is simi ar to a fve- ayer CLT 
pane , but po yurethane rigid foam is used as the inner  ayer.312 

The study examined diferent end-of- ife scenarios and 
conc uded that end-of- ife was a  arge contributor to the 
environmenta  impacts, and the comparison between  andf  ing 
and incineration for energy recovery had  arge uncertainties.312 

The study a so investigated the environmenta  consequences of 
the optima  design for minima  economic costs (e.g., optimize 
 ayer thickness, choose diferent core  ayer materia s such as 
po yurethane or insu ation cork board core).312 Their resu ts 
demonstrate the co-benefts of economica  y favorab e design in 
 owering the environmenta  impacts of CIT. Compared to CLT 
products, CIT has  ower impacts in some categories but higher 
in others, and the comparative conc usions of diferent designs 
vary.312 

9.4. LCAs a d Embodied Carbo  at the Whole Buildi g 
Level 

The bui ding construction industry (inc uding commercia , 
residentia , and industria  bui dings) accounts for 5% of g oba  
energy use and 10% of g oba  GHG emissions.113 Tota  GHG 
emissions from the g oba  bui ding sector reached near y 14Gt in 
2019, around 28% is operationa  carbon and 10% is embodied 
carbon.113 A primary source of these emissions is the 
manufacture of bui ding construction materia s such as concrete, 
stee , and g ass. It was the  argest know edge gap concerning 
embodied carbon in bui dings exists at the who e-bui ding 
 eve .313 
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Figure 21. Variation in pub ished embodied carbon resu ts. 
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Based on  imited studies on the who e bui ding embodied 
carbon assessment (Figure 21). The average  ife span used in the 
case studies ranges from 50 to 100, and the average bui ding size 
is 23615 m2. The bui ding type inc uded an ofce bui ding, 
residentia  bui ding, educationa  bui ding, and  ibrary. The mean 
embodied carbon is 570 kgCO2/m2/yr in the U.S. As i  ustrated 
in Figure 21, the bottom bar represents the embodied carbon of 
a who e bui ding, ranging from 89 kgCO2/m2/yr to 1050 
kgCO2/m2/yr. A so inc uded in Figure 21 are previous studies 
on g oba  bui ding embodied emission in genera  and per 
construction types (masonry, timber, stee , and concrete).314,315 

The average g oba  embodied carbon emission of a who e 
bui ding is 925 kgCO2/m2/yr,314 and masonry bui ding has the 
 owest mean embodied carbon of 328 kgCO2/m2/yr, concrete 
bui ding has the highest mean of 675 kgCO2/m2/yr, fo  owed by 
the wood bui ding of 346 kgCO2/m2/yr and stee  bui ding of 
540 kgCO2/m2/yr.314 The resu ts demonstrate that, in genera , 
bui dings made of wood materia s have a much sma  er  ife cyc e 
embodied carbon emission compared to other construction 
types on a g oba  sca e. 

The deve opment of embodied carbon is intertwined with the 
deve opment of LCA methodo ogies for materia s and bui dings 
because embodied carbon is a part of the who e  ife cyc e carbon 
associated with a bui ding project.316 In the past two decades, 
there has been increasing g oba  interest in the ana ysis of 
characteristics and the re ated embodied carbon of  arge existing 
bui ding stocks. However, compared to the  arge body of studies 
on energy efciency improvement of the existing bui ding stock, 
the studies on embodied carbon of bui ding stock are  imited. A 
recent study revea ed the majority of existing know edge of 
embodied carbon is at the bui ding materia  and bui ding 
product  eve , whi e on y  ess than 10% of pub ished studies 
focused on embodied carbon at the who e bui ding  eve .313 Two 
primary causes of  imited study on the who e bui ding  ife cyc e 
embodied carbon inc ude the re iabi ity data of product stages 
(A1−A3) and avai abi ity of data of end-of- ife stages (C) 
because they are high y dependent on the assessor’s assumptions 
of how a bui ding may be used and maintained.314 In addition, 
the upstream energy use and carbon emissions resu ting from 
the production of bui ding materia s and equipment (A1−A3) 
are more difcu t to measure and track than bui ding operationa  
energy use and emissions. Current y, the data of A1−A3 main y 
re ies on se f-assessment and reporting from manufacturers 
a one which is not robust and accurate enough, especia  y for 
newer and advanced materia s such as nanomateria s and 

materia s modifed with the use of nanotechno ogica  
approaches. 

10. TEA OF ENGINEERED WOOD PRODUCTS 

10.1. Basics of TEA o  E gi eered Wood Products 

Techno-economic ana ysis (TEA) is a common y adopted too  
to eva uate the technica  performance and economic feasibi ity 
of a process, product, or service.256,257,317−319 TEA can support 
decision-making processes by providing both technica  and 
economic information.320Figure 19A shows the TEA framework 
proposed by Zimmermann et a ., which has simi ar phrases as the 
LCA framework and inc udes goa  and scope, inventory, 
ca cu ation of indicators, and interpretation.256 The goa  and 
scope defnition phase usua  y inc udes main questions, intended 
uses,  imitations, audiences of the ana ysis, system boundary, 
indicator se ection, ana ysis methods, and other e ements.256 

Typica  TEA indicators inc ude technica  indicators (e.g., energy 
demand, energy efciency, conversion rate, materia  demand, 
techno ogica  maturity, and techno ogica  advancement), 
economic indicators (e.g., capita  expenditure, operating 
expenditure, net present va ue, interna  rate of return, proft, 
minimum se  ing price, and  ife cyc e cost), and techno-
economic  indicators  (e .g . ,  techno ogy  readiness  
 eve ).252,256,257,317−329 For instance, as shown in Figure 19C, 
Lan et a . used the average de ivered cost (minimum se  ing price 
p us transportation cost) of CLT as the indicator to exp ore the 
impacts of varied p ant capacities and CLT demanding  eve s on 
the economic performance.257 

In the inventory phase, the data requirements are defned; 
technica  data (e.g., mass and energy demand and equipment 
capacity) and economic data (e.g., materia  price,  abor sa ary, 
and equipment purchased price) need to be co  ected and 
adjusted according y depending on the data requirement (e.g., 
specifc year of ana ysis, region).256,318 In the ca cu ation phase, 
based on the prior two phases, the indicators wi   be ca cu ated to 
measure the technica  and economic performance.256 In the 
interpretation phase, the qua ity, consistency, and robustness of 
outcomes wi   be assessed, and conc usions and recommenda-
tions wi   be documented and reported.256 

10.2. TEA of Traditio al E gi eered Wood Products 

TEA has been app ied to ana yze the economic feasibi ity and 
main economic drivers of traditiona  engineered wood products. 
For examp e, Laufenberg et a . studied the economic perform-
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ance of LVL and fber-reinforced wood.322 The resu ts showed 
the high contribution of  og cost (over 30%) to LVL and the high 
contribution of g ass fber (over 33%) for fber-reinforced 
wood.322 Ba asbaneh et a . estimated the  ife cyc e cost of a 
sing e-story bui ding with fve bui ding frame materia  
combinations (i.e., hybrid concrete and timber, hybrid stee  
stud and timber, LVL with stee , g u am with stee , and timber 
and sandwich stee  p ate).324 The resu ts imp ied that the hybrid 
concrete and timber scenario was the most expensive due to the 
high cost in the manufacturing and construction phase.324 In 
addition, using engineered wood products (LVL or g u am) had 
higher costs in the manufacturing and construction phases than 
timber scenarios, resu ting in their higher  ife cyc e costs.324 

TEA has a so been uti ized to investigate the impacts of 
technica  parameters and economic parameters on the economic 
performance of wood products.257,328,329 Common studied 
technica  parameters inc ude p ant capacity,257,328 energy 
demand,257,328 materia  usage,257 materia   oss/efciency,257,328 

transportation distance,257,328 feedstock qua ity,257,322,330 prod-
uct grade;322 economic parameters can inc ude feedstock 
cost,257,328,330 materia  and fue  price,257,328,330 equipment 
price,257,328 interna  rate of return or discount rate,322,328  abor 
cost,328,330 maintenance cost,328 waste disposa  cost,257 and 
market demand.257 These ana yses of parameter impacts are 
often coup ed with scenario ana ysis or sensitivity ana ysis.252,324 

10.3. TEA of Emergi g Wood Materials 

TEA can he p inform economica  y attractive designs for 
emerging products.257,317 TEA for new techno ogies often re ies 
on process-based mode s that provide mass and energy ba ance 
data, the foundation of economic ana ysis. Using process-based 
mode s a so a  ows for quantitative  inkages between process 
parameters and economic ana ysis mode s, enab ing in-depth 
ana ysis for a better understanding of the re ationships between 
process/materia  design and overa   economics. Those ana yses 
inc ude scenario ana ysis, sensitivity ana ysis, uncertainty 
ana ysis, and other needed ana yses. For examp e, Zhang and 
Lan deve oped the process-based simu ation coup ed with 
economic ana ysis to study the economic feasibi ity of CLT 
produced in the Southern U.S.257 The scenario ana ysis resu ts, 
as shown in Figure 19C, i  ustrate that expanding the p ant 
capacities from 30 000 to 150 000 m3 CLT/year decreases the 
average minimum se  ing price from $571 to $376/m3 but does 
not necessari y reduce the de ivered cost due to increased 
transportation cost.257 Simi ar trends were reported by Brandt et 
a .328 where  arger p ant capacity reduces the minimum se  ing 
price of CLT by 18%.328 Zhang and Lan a so used sensitivity 
ana ysis and their resu ts show that the minimum se  ing price of 
CLT is susceptib e to  umber price change and  umber preparing 
 oss.257 Wijeyekoon et a . conducted a TEA coup ed with risk 
ana ysis for co-producing bark briquettes and tannin adhesive 
from Radiata pine bark in two systems, a standa one p ant, and a 
co ocated symbiosis p ant.331 The two process designs were 
simu ated by the process-based mode s and coup ed with a 
discounted cash fow ana ysis.331 The ana ysis shows that the 
co ocated symbiosis p ant has better economic performance due 
to  ower feedstock price, cheaper geotherma  energy, and 
process integration with a future p ywood mi   (e.g., using tannin 
as a structura  adhesive in the p ywood mi  ).331 These benefts 
enab ed a 41% reduction in tota  capita  investment. Risk 
ana ysis by varying the parameter va ues, suggests that technica  
improvement (e.g., increasing tannin yie d, decreasing hot water 

usage) reduces more overa   costs than a materia  price 
reduction.331 

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

Historica  y, wood has been a popu ar choice as the construction 
materia  in  ow-rise bui dings and infrastructures (e.g., bridges). 
Natura , unmodifed wood products continue to be used for 
construction, typica  y in the form of dimension  umber found in 
species, grade, and sizes  isted in standards  ike the NDS 
Supp ement.332 In addition, heavy timber sizes measuring at 
 east 5 in. in each cross-sectiona  dimension continue to be used 
for construction, a though heavy timber requires  arger diameter 
trees that are  ess sustainab e. For a most a century, engineered 
wood products have proven to be more efcient and sustainab e 
than heavy timber, by transforming sma  er wood constituents 
into more homogeneous composite structura  components. 
Current y, three primary categories of engineered wood 
products are used for bui dings. The frst category inc udes 
structura  pane  products  ike p ywood or oriented strand board 
(OSB) that are used to sheath foors, roofs, and wa  s for bracing 
the framing members and transferring  atera  forces, typica  y 
generated from wind or seismic events, through the p ane of 
sheathing. The second category inc udes structura  composite 
 umber,  ike  aminated veneer  umber (LVL). The third category 
of engineered wood products is known as mass timber, which 
inc udes g u am,333 CLT,334 nai - aminated timber (NLT),335 or 
mass p ywood pane s (MPP).336 In contemporary construction, 
mass timber is the most revo utionary category of engineered 
wood products because it enab es timber construction to span 
farther and rise ta  er than conventiona   ight-frame wood 
structura  systems. 
11.1. The Rise of Mass Timber E gi eered Wood Products 
a d Pote tial of Modifed Wood E ha ceme ts 

Modifed wood has the potentia  to signifcant y improve both 
strength and stifness of EWPs, with strategica  y p aced 
reinforcement. Mass timber is the most revo utionary set of 
EWPs that has burgeoned over the past decade and made it 
possib e for wood construction to rise to three times the height 
of conventiona   ight-frame wood construction. Modifed wood 
products,  ike Superwood,337 can push the  imits of height and 
spans even further. “Mass timber” defnes a c ass of  aminated 
wood structura  products that are g ued, nai ed, or dowe ed 
together to produce structura  framing and pane s comparab e to 
precast concrete in size but typica  y at  ighter weight.338 In 
contrast to heavy timber which requires  arge-diameter trees to 
achieve mono ithic co umn and beam sizes, mass timber uses 
 arge vo umes of dimensiona   umber, from sma  er-diameter 
trees, g ued together to produce structura  components. 
Laminating  umber makes it possib e to surpass the heavy 
timber sizes, disperses natura  defects of wood, and reduces the 
variabi ity of the mechanica  properties339 so that the efects of 
an individua   amination are muted re ative to the behavior of the 
who e composite. 

Two main types of products have risen to the forefront of the 
mass timber category in recent construction, g u am, and CLT. 
G u am a igns the  umber  aminations in the same direction in 
every  ayer, whereas CLT typica  y a igns  aminations 
perpendicu ar in each new  ayer. As a resu t, g u am is most 
efective for co umns, beams, truss members, arches, and other 
structura  frames333 that need strength and stifness primari y in 
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one direction. CLT pane s apportion strength and stifness in 
orthogona  directions, which serves p anar structura  e ements 
 ike s ab or wa   pane s. 

G u am has been used in structures for near y a century. 
G u am is most often manufactured in  inear co umns and beams 
but can readi y achieve tapered or curved forms by contro  ing 
the  ength, thickness, and p acement of  aminations. Typica  
sizes for g u am members range between 65−310 mm (21/2 to 
121/4 in.) in width and (51/2 to 601/2 in.) in depth,340 and 
 arger custom sizes are common y bui t by  aminating units of 
standard size. The co umn confguration of Figure 22A primari y 
sustains uniform axia  stresses, so co umn  ayups typica  y use 
uniform species and wood grades throughout the g u am cross-
section. A simi ar princip e app ies to the arch of Figure 22C, 
which primari y resists the app ied  oads via uniform axia  
compression. The beam of Figure 22B, in contrast, varies in 
stress across the cross-section, under the app ied  oads. 
Therefore, beams common y  ay up stifer and stronger 
 aminations in the top and bottom  ayers to resist stresses and 
deformations induced by bending. Because wood is weakest in 
tension, the tension  aminations are carefu  y graded to improve 
the modu us of rupture of the beam.341 

CLT presents simi ar opportunities to optimize  ayups, 
according to  oading app ications. Figure 22F i  ustrates one of 
the most common  oading confgurations of a simp e span CLT 
pane  in fatwise bending. Figure 22F i  ustrates the genera  pane  
width (Wp),  ength (Lp), and thickness (tp) parameters. 
Standard  ayups of three, fve, and seven p ies have thicknesses 
that range between 105 and 245 mm (41/8 to 95/8 in.), as shown 
in the cross-sectiona  diagrams of Figure 22F. Loadbearing wa   
pane s, as shown in Figure 22D, are sized on y considering the 
area of  aminations with wood fber oriented para  e  to the axia  
compression  oads shown at the top of the wa  .342 Therefore, 
 aminations oriented transverse y to the app ied axia   oads are 
deemed inefective in the axia   oad bearing area yet necessary to 

provide the fexura  resistance that makes the wa   pane   ess 
susceptib e to compression buck ing.343 Openings that are often 
necessary in wa   pane s  ead to the edgewise bending 
confguration of Figure 22E. In edgewise bending, the transverse 
 aminations a igned with the minor strength direction of the 
pane  take on primary importance, whi e the  aminations 
oriented in the vertica , strong direction of the pane  contribute 
a minor amount of stifness and strength capacity.344 

Today, this combination of  inear g u am and p anar CLT 
mass timber components seems natura  y comp ementary, but 
each product deve oped during a diferent historica  era. 
Originating in 19th century Europe and introduced to the 
United States in 1930,345 g u am is sti   produced on every 
continent where timber construction is commonp ace. The 
origina  g ues used for g u am timber were based on anima  
proteins, unti  the widespread adoption of pheno  resorcino  
forma dehyde (PRF). From a manufacturing perspective, PRF 
makes  amination of softwoods easy because it requires on y 
room temperature curing under c amping pressure. Charring 
g u am adhered with PRF has been wide y considered equiva ent 
to so id heavy timber, so concerns over structura  wood 
adhesives had been put to rest, unti  the deve opment of new 
products  ike CLT.337 

CLT originated in Europe on y a few decades ago. CLT has 
since deve oped into a so id wood pane  with the size and 
versati ity of precast concrete, used in wa  s and foors, but at 
signifcant y  ess weight and carbon footprint than most concrete 
pane  products.346 In contrast to g u am, which can be 
mechanica  y c amped with manua  equipment and incorporate 
radio-frequency (RF) curing, the wider dimensions of CLT 
typica  y require hydrau ic presses, po yurethane (PUR)-based 
adhesives, and digita  y contro  ed manufacturing to feasib y 
process the vo umes of wood required for CLT production. The 
CLT Handbook provides a concise overview of CLT 
manufacturing procedures,347 and the North American Standa d 

D 

Figure 22. G u am structura  (A) co umn, (B) beam, and (C) arch components. Arrows represent the directions of the  oad. Vertica  y oriented CLT 
pane  in (D) wa   and (E) edgewise bending  oading confgurations. (F) CLT pane  in the simp e span of fatwise bending a ong the major strength 
direction, with standard 3-p y, 5-p y, and 7-p y  ayups. (G) CLT pane  in the simp e span of fatwise bending a ong the major strength direction, with a 
standard 5-p y  ayup, standard 7-p y  ayup, and Superwood-reinforced  ayup. (H) Construction of Ascent (Mi waukee, WI). 
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a(1  bf 4.448 N; 1 in. 25.4 mm.) 
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Standard Superwood-
5-ply 7-ply Reinforced Enhanced Superwood 

tp 175mm 245mm 175mm Panel Stiffness 
CLT % Difference from 

Efejfj,O Efejfj,O standard 
Layup (lbJ-in. 2 /ft of (lbrin. 2 /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 

Vl 415 1027 1021 +146 -0.6 

V2 363 898 990 +173 +10.2 

V3 363 899 990 +173 +10.1 

Table 1. Comparisons of Efective CLT Panel Stifness, Confgured in Flatwise Bending of the Major Strength Direction, Between 
Standard and Superwood-Reinforced Layupsa 

= = 

fo  Pe fo mance-Rated C oss-Laminated Timbe 348 provides 
detai ed specifcations regarding steps in the manufacturing 
process, inc uding testing and qua ity assurance. Whi e many 
 amination requirements essentia  y carry over from g u am 
standards,349 the  ayup of CLT in orthogona  directions and new 
adhesive choices urged new requirements. 

CLT manufacturing common y used PURs as a  aminating 
adhesive to decrease the c amping and curing times. PUR bonds, 
however, typica  y do not maintain integrity under moisture or 
fre quite as we   as PRF adhesives.350 De amination of CLT 
during fre tests  ed to the mandatory annex B, P actice fo  
Evaluations Elevated Tempe atu e Pe fo mance of Adhesives Used 
in C oss-Laminated Timbe .348 Because the sca e and costs of 
such fu  -sca e qua ifcation tests are considerab e, Miyamoto et 
a .351 deve oped a sma  -sca e screening test to eva uate whether 
various adhesive formu ations cou d match the integrity of so id 
timber when subjected to  ap shear  oads at temperatures 
approaching the 300 °C char temperature. 

Whi e g u am has been featured in architectura  structures for 
near y a century, the emergence of CLT pane s revita ized mass 
timber construction. During the ear y part of the 21st century, 
the SOFIE project deve oped a comprehensive research p an for 
fu  y pane ized CLT bui ding archetypes that cu minated in a 
seismic shake-tab e test of a 7-story prototype bui ding in 
Japan.352 The construction of 9- and 10-story apartments, in 
East London353 and Me bourne354 in the time frame between 
2009 and 2011, represented the pinnac e, rea -wor d app ica-
tions, of this construction archetype, made entire y of CLT 
pane s. Each bui ding respective y c aimed a savings of 310355 

and 1645356 metric tons of carbon dioxide, in terms of carbon 
sequestered and avoided by using wood in p ace of stee  and 

357concrete. 
The g oba  pro iferation of CLT has  ed to increasing y ta  er 

timber construction over the past decade. To keep pace with 
these rapid deve opments, the 2021 edition of the Internationa  
Bui ding Code deve oped new c assifcations for type IV mass 
timber structures up to 18 stories ta  .358 A series of fu  -sca e 
compartment fre tests conducted in ATF  aboratories provided 
a research basis for estab ishing these code  imits.359 Preferences 
among commercia  architects360 of North American bui dings, 
however, have trended away from fu  y pane ized CLT structures 

toward post-and-beam archetypes that support CLT deck pane s 
on g u am framing. As a greater variety of mass timber bui ding 
schemes emerged, Foster et a .361 proposed to c assify this broad 
assortment of ta   wood construction. To date, the ta  est rea ized 
mass timber g u am/CLT structures have risen to heights of 18 
stories and ta  er in North America.362,363Figure 22H is a 
photograph of the Ascent bui ding, taken in September 2021 
during its construction. The upper 18 stories use mass timber 
g u am framing and CLT decks that are  atera  y supported by a 
reinforced concrete stair-and-e evator service core. This 
juxtaposition of structura  systems exemp ifes the efciency 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 wa  board that is prescribed for fre protection, 3 h fre 
tests of g u am co umns were conducted at the USDA, Forest 
Products  aboratory, to experimenta  y determine char rates of 
g u am co umns exposed on four sides.363 The fndings of these 3 
h co umn tests wi   be the subject of a forthcoming pub ication 
and proposed updates to current guide ines for fre endurance 
ca cu ations.364 

Despite increased acceptance of mass timber in recent 
editions of bui ding codes365 and reference standards,366 the 
construction of mu tistory timber bui dings today rare y re ies on 
an entire y wood structure. Reinforced concrete cores are 
common y used in mu tistory bui dings, from midrises to 
skyscrapers, to provide  atera  stifness and robust enc osures for 
egress.367 Most wood vo ume used in this hybrid construction is 
in the foor systems, which have dua  functions. CLT decking 
pane s must transfer gravity  oads to the structura  frame and act 
as a diaphragm in the p ane of the foor or roof  eve  to transfer 
 atera   oads, typica  y induced by wind or seismic forces, to 
vertica  “spines” of the bui ding. Fu  -sca e testing of CLT 
diaphragms and fu  -sca e seismic shake-tab e testing of two-
story mass timber structures have been conducted re ative y 
recent y in North America to deve op design parameters and 
va idate ana ysis procedures.368−371 The two-story mass timber 
structures of the UC−San Diego shake-tab e tests swapped three 
types of CLT shear wa  s, to deve op vertica  components of the 
 atera  force-resisting systems. The frst CLT shear wa  s tested 
avoided damage by rocking contro  ab y, using vertica  y post-
tensioned rods for restraint.372 The second set of CLT shear 
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wa  s rocked more passive y on sacrifcia  spring-dampers that 
demonstrated simi ar seismic resi ience, which wou d require 
on y rep acement of the spring dampers to restore the structure 
to service postearthquake.373 The third set of shear wa  s tested 
rocked to engage interstitia  meta  connectors between pane s 
for enhanced ducti ity.374 In contrast to the other shear wa  s 
that vertica  y span mu tip e foors, this shear wa   system was 
deve oped for p atform construction assemb y of CLT bui dings, 
which stacks comp ete foors, and was among the frst cohort of 
new structura  systems to deve op according to FEMA P695 
methodo ogy that requires rigorous assessment of ground 
motions, numerica  ana ysis methods, test data, design criteria, 
and peer review, to determine seismic design parameters.375,376 

For a performance-based seismic design option that strives to 
exceed minimum bui ding code expectations, p ans to test the 
vertica  y post-tensioned CLT rocking wa  s in a 10-story shake-
tab e test are underway377,378 and schedu ed to take p ace in 
ear y 2023. Whi e entire y mass timber structures up to 18 stories 
ta   have been recent y constructed in  ow-seismic regions of 
Europe,379 research in North America wi   estab ish a range of 
seismic performance options that can be  ocated in regions of 
moderate and high earthquake risk. 

By  everaging the recent advances in both  aminated wood 
products and nove  wood modifcation methods, extended 
app ications of wood-based structura  materia s can be expected. 
The Timber Tower Research Project380 has shown that mass 
timber cou d signifcant y  ower the carbon footprint of ta  er 
high-rises, but enhancements to fre protection, ducti ity of 
connections, re iab e g ued-in rods, and stifer foors are needed 
to rea ize this vision.381 As introduced in section 4.1, researchers 
at the University of Mary and have devised a sca ab e process 
that can direct y transform natura  wood into high-performance 
Superwood,72 which features a 10−20-fo d increase in strength 
and stifness, as we   as superb dimensiona  stabi ity against 
moisture. According y, Superwood can be incorporated into 
CLT pane s as the top and bottom tension  am,382 signifcant y 
enhancing fexura  stifness of CLT and extending  imits of span 
 ength. Figure 22G shows a simp e span of a CLT pane   oaded in 
fatwise bending in the major strength direction, and Tab e 1 
compares the efective stifness va ues in the major direction of 
standard and Superwood-reinforced  ayups, as determined using 
the shear ana ogy method.348 For the same 5-p y depth, the 
Superwood reinforced option increases the stifness by 136 to 
208% over the standard CLT pane . When compared to 
standard  ayups of 7-p y CLT, the sha  ower Superwood-
reinforced near y matches the stifness of the 7-p y standard. 
Again, the beneft is greatest in the E3  ayup, where the modu us 
of e asticity of Superwood exceeds the standard  amination by 
over 6 times. The sha  ow Superwood-reinforced option is 
near y 25% stifer than the standard 7-p y E3  ayup. Therefore, 
the Superwood-reinforced CLT may span the same distance as a 
standard 7-p y CLT pane  whi e reducing 70 mm (2−3/4 in.) of 
foor depth. Adding 10 mm of Superwood  ayers, as shown in 
Figure 22G, in other words, adds the stifness of two standard 
 aminations without adding structure depth. 

The enhanced stifness of Superwood may a ternative y 
 engthen spans whi e maintaining the depth of a standard 
CLT pane .337 For a uniform y  oaded simp e span foor of 
standard 175 mm depth, the Superwood-reinforced pane  can 
span 25%  onger than the standard E3 pane   ayup. Through 
more deve opment of chemica  processes and adhesive 
formu ations, there is amp e opportunity to further enhance 
the fre endurance, stifness, and connection ducti ity of CLT 

structures. U timate y, this may improve the sustainabi ity of 
mass timber construction to an even greater extent, by a  owing 
for more wood substitution of conventiona  materia s. 
11.2. Limitatio  of E gi eered Wood Products i  Curre t 
Applicatio s 

Architects have genera  y expressed a favorab e out ook on 
engineered wood products383,384 and mass timber360 in 
particu ar. Despite recent growth in height achieved by mass 
timber structures, engineered wood products must overcome 
cha  enges associated with durabi ity and fre risks to continue 
expanding  imits. In addition, wood structura  systems genera  y 
 ack the stifness and ducti ity of reinforced concrete and stee  
a ternatives that have been deve oped over decades of research. 
For sustainabi ity, rep acing foor construction with timber 
a ternatives has the maximum efect of reducing environmenta  
impact because foor construction typica  y accounts for the bu k 
of bui ding materia s in a mu tistory bui ding.385 Therefore, mass 
timber foor structures have the greatest potentia  to enhance the 
sustainabi ity of bui dings in the current marketp ace. The 
bui ding enve ope typica  y accounts for the next greatest 
amount of bui ding materia s in a mu tistory bui ding. Here, 
wood substitutions are more cha  enging because of durabi ity 
and fre concerns, a though there is precedent for both 
residentia  and commercia  use of wood-based composite386 

and chemica  y modifed wood products such as acety ated 
wood.387 

Anywhere wood products may be wet because of direct 
exposure to the e ements or breaches of the bui ding enve ope 
merits carefu  consideration of moisture contro .388 Wetting 
during construction, furthermore, may have  asting impacts on 
durabi ity, and the drying performance of the bui ding 
component in a rea  construction site has been investigated in 
a few case studies.389 A recent study about mu tistory mass 
timber bui dings equipped with moisture sensors shows CLT 
roof and foor pane s covered with vapor-impermeab e 
membrane dried s ower than g u am co umns exposed to indoor 
air.390 The time it takes to comp ete y dry CLT structures wetted 
during construction has not been conc usive y determined and 
shou d be further studied, a so to eva uate the possib e size 
change induced by diferent drying speeds. 

Because a most a   construction materia s sufer damage from 
pro onged exposure to fre, fre resistance is one of the major 
concerns for a   kinds of bui dings. The 2015 Nationa  Design 
Standard for Wood Construction332 updated the fre design 
provision chapter by adding the CLT char rate equation to 
ca cu ate fre resistance. Whi e wood poses unique fre risks 
because it is combustib e, wood a so has unique y inherent fre 
protection. Charring forms an insu ating  ayer that s ows the 
rates of burn and  owers the temperature behind the charred 
front. The 2021 Internationa  Bui ding Code (IBC)365 inc uded 
new provisions for mass timber construction that a  ow the 
bui dings to be up to 18 stories in height with gypsum wa  board 
on a   timber e ements. To fu f   prescriptive code requirements, 
wooden bui dings need sprink er fre suppression systems, just 
 ike current nonwooden high-rise bui dings and gypsum 
wa  board, encapsu ation of a   timber e ements to meet the 
maximum fre-resistance rating. Driven by strong demand in the 
marketp ace to aesthetica  y feature wood structura  compo-
nents in the North American marketp ace, there are ongoing 
eforts to examine the fre performance of mass timber where 
greater amounts of CLT and g u am are exposed to view.391−394 
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For improved structura  performance, mass timber systems in 
particu ar need greater stifness and ducti ity to overcome the 
 imitations of the natura  materia s. This may be accomp ished 
with chemica  modifcations to the wood materia s or by nove  
connection detai ing. G ued-in stee  rods have  ong been 
proposed as a detai ing so ution for mass timber that cou d 
add stifness and ducti ity to connections.381,395 In addition, 
g ued-in rods wou d faci itate the interface of wood with 
concrete structura  materia s that can be site-cast around the 
meta  rods. Re iabi ity of the insta  ation and the abi ity to 
withstand fre and water inf tration, however, have impeded the 
imp ementation of g ued-in rods on an industria  sca e. G ued-in 
rods, therefore, pose one major area where advances in adhesive 
chemistry formu ations may he p expand the use of timber 
structura  products. Durabi ity, fre, and structura  performance 
are interre ated, so approaching these cha  enges from a 
chemica  perspective may  ead to so utions that wi   enhance 
the performance of wood products and, in turn, improve the 
sustainabi ity of bui ding construction. 

12. CONCLUSION AND PERSPECTIVES 
A tota  of >10 bi  ion metric tons of CO2 remova  is achievab e at 
a g oba  sca e by trees.1 This remova  constitutes 25% of the 
g oba  CO2 emissions in 2019.1 Therefore, widespread 
imp ementation of engineered wood products is needed to 
maximize carbon storage in bui dings. Herein, the deve opment 
of advanced products with enhanced properties hinges on a 
fundamenta  study of the process−structure−property re ation-
ships of natura  and engineered wood. The comp ex structure of 
wood high y depends on the wood species and growth 
environment, providing a wide variety of materia  choices. 
However, this comp exity a so presents a cha  enge in 
investigating this materia . The robust ce   wa  s of wood are 
composed of three biopo ymer components (ce  u ose fbri s, 
hemice  u oses, and  ignin), which are interwoven and bonded to 
form a natura  fbri -based composite. Therefore, the perform-
ance and characteristics of wood are governed by the a ignment 
of the ce  u ose fbri s as we   as their interactions with  ignin/ 
hemice  u oses. Keeping the a ignment of ce  u ose fbri s in the 
anisotropic wood is crucia  to achieving outstanding properties 
(e.g., a igned ce  u ose fbri s have more contact areas providing 
high mechanica  strength, and a igned channe s can enab e rapid 
ion transport). In this regard, in situ wood modifcation can 
open nanosca e pores within the ce   wa  s and/or modify the 
mo ecu ar ce  u ose chains whi e maintaining the overa   
anisotropic structure of wood. 

Environmenta  y friend y, economica  y competitive, and 
sustainab e wood materia s require nove  processes and 
manufacturing of advanced wood structures. The products, 
feedstocks, and manufacturing processes shou d fo  ow the 
princip es of green chemistry, taking into account recyc abi ity 
and environmenta  benignity across the  ife cyc e of the raw 
wood materia s and chemica s used.396 In this aspect, in situ 
chemica  and physica  processes can be used to manipu ate the 
chemica  structures and spatia  distributions of the three 
components ( ignin, hemice  u oses, and ce  u ose) in diferent 
types of feedstocks (e.g., wood chips, thin veneer, and bu k wood 
timber) to achieve the desired structures, properties, and 
performance of the advanced wood products. Guided by green 
chemistry princip es in the se ection of feedstocks, chemica s, 
so vents, and processes, green processes that use  ower amounts 
of resources and generate minima  wastes but high-va ue 
coproducts can be deve oped.397 What is more, manufacturing 

science and techno ogy shou d be studied to rea ize green, 
sca ab e, and c osed- oop mass production of advanced wood 
products. To achieve this goa , system- eve  ana ysis and 
optimization of wood treatment and manufacturing can be 
conducted from a sustainabi ity and  ife cyc e perspective. 
Diferent environmenta  impact categories (e.g., GHG emissions 
inc uding CO2, human hea th impact, energy consumption, and 
resource dep etion) and production costs can be considered 
simu taneous y through mu ticriteria decision ana ysis (MCDA) 
to guide the process and manufacturing design toward the most 
economica  y competitive and environmenta  y benefcia  
direction. 

To advance/deve op new innovative engineered wood 
products, a fundamenta  understanding of the wood chemistry 
re ying on mu tisca e, mu ticomponent characterization is 
needed. With the deve opment of high-reso ution character-
ization too s, both in situ and ex situ, structura  and dynamic 
characterizations can be carried out at  ength sca es from 
subangstrom to submicrometer. For examp e, the structure of 
ce  u ose in wood, inc uding its crysta  inity, crysta  structure and 
po ymorphism, and preferred orientation of fbri  crysta s, can be 
ana yzed using wide-ang e X-ray scattering (WAXS).398 Nano-
sca e structures, such as the shape and size of the microfbri s and 
fbri  bund es, the packing and a ignment of the fbri  structures, 
etc., can be characterized by sma  -ang e X-ray scattering 
(SAXS).399 By  everaging the nondestructive X-ray computed 
tomography (CT) technique with machine  earning for image 
recognition, automatic and acce erated wood characterization, 
and identifcation have been achieved.400 Cryogenic e ectron 
microscopy (cryo-EM), which has been wide y used in 
bio ogica  science, can be used to visua ize the ce  u ose structure 
and provide detai ed information about the ce   wa   structure.401 

The information derived from these ana ytic too s is crucia  for 
contro  ing the in situ processing parameters, which  ays the 
foundation for boosting the performance of the fna  engineered 
wood and maximizing its carbon sequestration capabi ity. 

Emerging artifcia  inte  igence (AI) and machine  earning 
(ML) techno ogies can a so be used to bui d a data-driven 
discovery p atform for the process−structure−property study of 
advanced engineered wood. The current advances in ML and 
data science not on y promote the prediction of specifc 
properties of engineered wood but a so uncover comp ex 
process−structure−property corre ations. Data mining methods 
can a so be uti ized to search  arge data sets to identify efective, 
reduced, data-driven descriptors that afect the targeted property 
of advanced wood materia s. Within the drastica  y  ower-
dimensiona  parameter space, we can use the emergent active 
 earning concept a ong with ML a gorithms to  ocate desired 
wood species and suitab e processing parameters to uncover the 
corre ation between the processing, structure, and properties of 
the resu ting engineered wood and enab e rapid manufacturing 
of high-performance advanced wood materia s. 

Understanding the potentia  environmenta , economic, and 
societa  imp ications of new wood techno ogies across their  ife 
cyc es is therefore essentia  to maximize the potentia  benefts 
and minimize risks. LCA and TEA ana yses have demonstrated 
powerfu  capabi ities in advancing such know edge. Previous 
LCA and TEA studies have identifed key process and supp y 
chain parameters that drive the environmenta  impact and 
economic feasibi ity of wood products, informing materia  and 
process optimization toward sustainabi ity.311 However, pre-
vious studies have rare y considered socia  impacts. Further-
more, on y a few studies have incorporated the dynamics of 
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forest and management strategies for forest ecosystems. Future 
research shou d focus on deve oping ho istic sustainabi ity 
assessment too s, such as  ife cyc e sustainabi ity assessment,402 

and incorporating forest-specifc dynamics (e.g., carbon and 
market dynamics) into the materia - eve  and product- eve  
assessment. 

Fina  y, the fo  owing specifc needs re ated to engineered 
wood products shou d be taken into consideration for future 
perspectives in this emerging fe d. 

(1) Chemica  wastes, such as b ack  iquor, wi   be generated in 
the fabrication processes of many wood products. How to 
optimize the de ignifcation/modifcation procedures and 
achieve waste-free/c osed- oop manufacturing without 
compromising performance remains a grand cha  enge. 

(2) The insufcient difusion of chemica s into the micro-
structure of wood may impede the  arge-sca e fabrication 
of engineered wood products. Moreover, manufacturing 
cha  enges in reproducibi ity, performance uniformity, 
and sca ing to meet industry needs shou d be addressed by 
considering the existence of knots and other defects in 
wood. 

(3) Despite the decent performance of some engineered 
wood materia s, moisture-dependent swe  ing and shrink-
age wi   resu t in dimensiona  instabi ity and irreversib e 
deformation/cracking. Additiona  treatments, such as 
heating, painting, fnishing, and surface modifcations 
shou d be used and eva uated to diminish such adverse 
efects and pro ong the  ifespan of engineered wood-based 
products exposed to the weather. 

(4) The dominant adhesives used in conventiona  wood 
products, such as forma dehyde-based resin, tend to 
re ease vo ati e organic compounds or even cancerogenic 
gases during the manufacturing or service  ife of products. 
Green and durab e adhesives are needed without 
sacrifcing the recyc abi ity, reusabi ity, and functiona ity 
of the fna  products. 

(5) The biodegradabi ity of engineered wood products cou d 
a so be an impediment, resu ting in excessive y fast 
degradation under direct exposure to weather e ements. 
More research is needed to strike the ba ance between 
durabi ity during service  ife and biodegradabi ity for 
disposa . 

(6) Eva uations of the antifunga , antitermite, fre-resistant, 
and moisture-resistant properties per app icab e bui ding 
codes or performance standards are required before the 
ro  out of nove  wood products. 

(7) Accurate, nondestructive, and  ow-cost methods have yet 
to be deve oped to comprehensive y monitor the 
performance/characteristics of engineered wood over 
time using. Meanwhi e, simi ar assessments that are 
re iab e and easi y imp emented are needed to eva uate 
damaged and deteriorated wood products. 

(8) It is necessary to achieve sufcient retention of carbon 
storage over the service  ife of wood products and 
minimize end-of- ife emissions where possib e by design-
ing wood materia s for reuse, repurposing, and/or 
recyc ing. 
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	ABSTRACT  The bui ding sector, inc uding bui ding operations and materia s, was Mechanical I responsib e for the emission of ∼11.9 gigatons of g oba  energy-re ated CO2 in 2020, accounting for 37% of the tota  CO2 emissions, the  argest share among diferent sectors. Therm Lowering the carbon footprint of bui dings requires the deve opment of carbon-storage materia s as we   as nove  designs that cou d enab e mu tifunctiona  components to achieve widespread app ications. Wood is one of the most abundant biom
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	1. INTRODUCTION 
	C imate change due to anthropogenic emissions of greenhouse gases is posing a mounting threat to human we fare and the hea th of the p anet. G oba  CO2 emissions tota  ∼36 bi  ion metric tons every year, primari y from the burning of fossi  fue s.1 As a resu t, the g oba  annua  average temperature has risen by over 0.7 °C between 1986−2016 in comparison to the period of 1901−1960.2 Furthermore, petro eum-based materia s are nonrenewab e, forcing the chemica s and materia s industry to pivot to renewab e re
	bi  ion metric tons of CO2 each year.6 Improving the performance of wood products to match or even outperform traditiona  nonrenewab e counterparts cou d promote the use of renewab e wood sources and improve forest management.1 In addition to the superior carbon sequestration capabi ity, wood is attractive for structura  app ications, as it has a unique hierarchica  structure made of ∼40% ce  u ose embedded in a matrix of hemice  u oses and  ignin.7 The ce  u ose e ementary fbri s in wood, with diameters of
	Figure
	Figure 1. Carbon impact of using wood for bui ding app ications. There are around 3 tri  ion trees on earth, which can give rise to the carbon impact of −7.6 GtCO2e yr−1 by estimation and a  eviate the g oba  warming issue. Modifed wood products can not on y be used as structura  materia s but a so for therma  management,  ight management, and energy conversion app ications. Moreover, manufacturing, recyc abi ity, LCA, and TEA shou d be considered to meet the requirement within the context of bui ding app i
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	the ce  u ose chains become misa igned (from  ocation 1 to 2), a few origina  hydrogen bonds break and the  eft ce  u ose chains (inset in A) begin to reform the new hydrogen bonds with the next ce  u ose on the right chains, resu ting in a number decrease in the who e hydrogen bonds ( ocation 2 of A) in the system. This dynamic variation in the number of hydrogen bonds, corresponding to the continuous breaking and reformation of hydrogen bonds, aids in the resistance to fai ure. 
	Figure 4
	Figure 4

	Water mo ecu es can form hydrogen bonds with diferent ce  u ose chains and infuence the breaking and reformation behaviors of the hydrogen bonds in wood under mechanica   oading. Thus, the water content in wood p ays a crucia  ro e in the shearing behaviors of the ce  u ose fbri s. When water mo ecu es were introduced at the interface of the ce  u ose fbri s (B), Young’s modu us of the ce  u ose nanocrysta -based hierarchica  structure is a most a constant as the change of interfacia  water content,which is
	Water mo ecu es can form hydrogen bonds with diferent ce  u ose chains and infuence the breaking and reformation behaviors of the hydrogen bonds in wood under mechanica   oading. Thus, the water content in wood p ays a crucia  ro e in the shearing behaviors of the ce  u ose fbri s. When water mo ecu es were introduced at the interface of the ce  u ose fbri s (B), Young’s modu us of the ce  u ose nanocrysta -based hierarchica  structure is a most a constant as the change of interfacia  water content,which is
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	and peak stress increase signifcant y with the increase in water content. But the enhancement of the strength and toughness are  imited by a reasonab e range. When the water content is  arger than 3.75 HO/nm, the interfacia  interaction is weakened by the hydrogen bonds between water mo ecu es, which resu ts in  ower fracture energy. Recent experimenta  research successfu  y obtained strong and tough wood by a three-step process of de ignifcation, drying-induced assemb y, and water mo ecu es-induced hydroge
	2
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	To better understand the deformation mechanism of the shearing behavior of wood materia s, Jin et a .bui t a sandwich mode  of the wood ce   wa   with ce  u ose, hemice  u ose, and  ignin (C). The ce  u ose sheets form the bottom and top  ayers, whi e the hemice  u ose and  ignin f   the gap in 
	43 
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	Figure 4

	Figure 4. Mechanica  response and enhancement of modifed wood at the fbri  ar sca e. (A) Hydrogen bonds a ong with the (110)−(110) interface as a function of the distance the fbri s have been sheared during simu ation.Reproduced with permission from ref . Copyright 2015 E sevier. (B) Summarized mechanica  properties of the nanoce  u ose mode  with a (010) crysta  p ane as a function of the number of HO mo ecu es.Reproduced with permission from ref . Copyright 2021 American Chemica  Society. (C) The sandwich
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	between. The stress−strain curves of the mode  under shear frst p astic regime is dominated by the yie ding of the matrix,  oading are i  ustrated in D and can be divided into three and the second one is derived from the “se f-hea ing” interface. regimes: an initia  e astic regime and two p astic regimes. The Additiona  y, the se f-hea ing behavior in wood materia s can 
	Figure 4

	a so be infuenced by water mo ecu es.Chen et a . fabricated a high y e astic wood via chemica  treatment and freeze-drying. This e astic wood can, after hydration, sustain a compressive strain of up to 70% with neg igib e p astic deformation and a sma   energy  oss coefcient. However, dehydrated e astic wood cannot se f-hea . To understand the mechanism of the se f-hea ing behavior, they constructed the fbri  ar mode ing of wood framework with and without water, as shown in Subject to compression, the ce  u
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	Figure 4E. 
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	Due to the hydroxy  groups on the surface of ce  u ose, CNFs can a so be modifed by po ymers, which resu ts in stronger cross- inking under  oading. Tang et a .prepared CNF grafted with po yethy ene g yco  (CNF-g-PEG) from pu p fbers and then tested their stress−strain curve under tension (G). The prestretched (−S) and nonstretched (−N) ce  u ose ribbons were prepared by drying the stretched and nonstretched hydroge  stripes of CNF-g-PEG nanofbri s. As shown in G, the stretched ce  u ose ribbons have a high
	45 
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	2.3. Micro-/Mesoscale 
	2.3. Micro-/Mesoscale 
	The  ength of the ce  u ose fbers in wood materia s is in the range of severa  nanometers to severa  mi  imeters. The super arge sca e and cross-sca e simu ations of these fbri s make c assic MD simu ations prohibitive in terms of required time and resources. Therefore, coarse-grained (CG) MD simu ations emerge as efective methods to so ve the  imitation and revea  the mechanism of the interfbri  ar interaction at the micro-/mesosca e.
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	Li et a .represented the ce  u ose nanocrysta  (CNC) units with the 36 chain as a CG bead (A) and ca cu ated the shear behavior of the bu k CNC random network (B). The shear modu us and yie d strength of the bu k system increase as signifcant y as the increase of density and cohesive energy between CNCs. However, such CG mode ing is restricted to the specifc diameter of the fbri s. Recent y, a sca ab e CG scheme based on atomistic simu ationswas used to mode  CNC where the mapping and interaction potentia s
	Li et a .represented the ce  u ose nanocrysta  (CNC) units with the 36 chain as a CG bead (A) and ca cu ated the shear behavior of the bu k CNC random network (B). The shear modu us and yie d strength of the bu k system increase as signifcant y as the increase of density and cohesive energy between CNCs. However, such CG mode ing is restricted to the specifc diameter of the fbri s. Recent y, a sca ab e CG scheme based on atomistic simu ationswas used to mode  CNC where the mapping and interaction potentia s
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	and nanofber hybrids is shown to have even higher fracture energy, which can be attributed to the increased s iding distance among the fbers. 

	CG mode ing parametrized by the MARTINI force fe d is a so wide y used in the ana ysis of the mechanica  bending and twisting of the ce  u ose microfbers. Even though the mode ing is  imited to microsca e, the MARTINI CG mode ing sustains more interaction information among ce  u ose microfbers due to the parametrization based on the functiona  groups in ce  u ose. Experimenta  y, atomic force microscopy and Raman spectroscopy measurements are wide y used techniques to measure the bending stifness of ce  u o
	51
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	pez et a . use the MARTINI CG mode ing to obtain the e astic modu us of a 36chain ce  u ose fbri , as shown in F.Externa  bending forces are  oaded on one side of the ce  u ose microfber, and the bending stifness is estimated to be around 10 GPa. The resu ts from the CG mode ing verify the specu ation and suggests a feasib e method to measure the bending stifness of u trafne ce  u ose fbers. To extend the research of individua  CNCs and CNC−CNC interfacia  properties, Shishehbor and Zavattierideve oped the 
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	2.4. Macroscale 
	2.4. Macroscale 
	Products made of natura  wood and engineered wood are often of sizes of centimeters to meters. To understand the mechanica  response of such wood products at the macrosca e, continuum sca e mode s, such as FEM, and phenomeno ogica  constitutive mode s, are often used to predict the stress distribution (especia  y the region of stress concentration) and revea  the 
	possib e fai ure mode of these products under various types of mechanica   oading, which, in turn, can be used to design wood structures. 
	The mechanica  response of wood materia s depends strong y on the  oading direction, given the anisotropic nature of wood. A shows the experimenta  shear tests of wood in diferent directions compared with the stress distribution in the FEM mode s.FEM mode s present the stress distribution in the wood samp es. Additiona  y, FEM is used to ana yze the crack initiation and propagation in wood materia s. B compares the crack growth in a wood samp e with a rectangu ar notch under three-point bending measured by 
	Figure 6
	55 
	55 

	Figure 6
	56 
	56 

	Figure 6
	57 
	57 


	Besides, FEM simu ations are a so used to ana yze the mechanica  response of wood-based composites. Parts D and E of i  ustrate the stress−strain curves of a wood materia  and a wood-based ge  during a compressive  oading and un oading process, respective y.The wood framework without water is easy to buck e severe y under compressive  oading, which  eads to partia  fai ure of the framework. Upon un oading, on y a sma   fraction of the compressive strain (∼10%) can be recovered. By contrast, the wood-based g
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	been wide y used for ce  u ose surface modifcation. Si ane coup ing agents have dua  reactivity. At one end, they have an a koxy  si ane group capab e of reacting with a hydroxy -rich surface (such as ce  u ose), and at the other end, they can have a  arge number of functiona  groups which can be tai ored. Si ane coup ing agents were used to introduce new functiona  groups onto po ymersand ce  u ose.
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	Oxidation can introduce carboxy  and carbony  groups to ce  u ose and wood. For examp e, the oxidation of primary hydroxy  groups at C6 by TEMPO, persu fate, and other oxidants has been used to produce ce  u ose nanocrysta s and nanofbers because the surface charge induced by the carboxy ic groups faci itates the dispersion of the ce  u ose nanopartic es.Periodate oxidation is a unique reaction to produce dia dehyde ce  u ose (DAC). Periodate can regiose ective y oxidize the vicina  hydroxy  groups at C2 an
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	Chemica  cross- inking is an efective way to improve the strength and dimensiona  stabi ity of structura  ce  u ose and wood products. The cross- inking creates bridge  inkages between mo ecu es of ce  u ose, hemice  u oses, and  ignin via the reactions between hydroxy  groups and cross- inking reagents such as ma eic anhydride, diacid, epoxy resin, isocyanate, and si ane.Cross- inking is a so an important strategy to fabricate ce  u ose and hemice  u ose hydroge s. For examp e, citric acid, dia dehyde, dii
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	Grafting is an approach to grafting po ymers onto ce  u ose and wood, which provides or improves the properties such as dimensiona  stabi ity, resistance to abrasion and wear, wrink e recovery, oi  and water repe  ence, e asticity, ion exchange capabi ities, temperature responsiveness, therma  resistance, and resistance to microbio ogica  attack. The grafting can be accomp ished by free radica  po ymerization, ionic and ring-opening po ymerization, and  iving radica  po ymerization via 
	the approaches of grafting-to, grafting-from, and grafting-through ce  u ose.
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	3.5. Chemical Recovery 
	3.5. Chemical Recovery 
	Chemica  recovery and waste treatment are very important considerations in using chemica s for wood modifcation to deve op engineered wood products. When using  ow dosages of  ow-cost chemica s, chemica  recovery may not be necessary, but the waste streams (so ids and  iquid) containing the chemica s need to be treated for discharge or reuse. For examp e, b eaching chemica s are not recovered in commercia  pu p mi   operations. Depending on the chemica s used, the waste streams are treated with various tech
	Chemica  recovery and waste treatment are very important considerations in using chemica s for wood modifcation to deve op engineered wood products. When using  ow dosages of  ow-cost chemica s, chemica  recovery may not be necessary, but the waste streams (so ids and  iquid) containing the chemica s need to be treated for discharge or reuse. For examp e, b eaching chemica s are not recovered in commercia  pu p mi   operations. Depending on the chemica s used, the waste streams are treated with various tech
	chemica  recovery is possib e. Because chemica  recovery is the make or break of any chemica  process, it shou d be a critica  consideration in choosing or deve oping a new wood chemica  modifcation process. Another issue that is a so important to biorefnery is the uti ization of removed  ignin and hemice  u oses which can improve process economics. There have been p enty of reviews on the subject but with  imited commercia  success.
	-
	112 
	112 




	4. MODIFIED WOOD MATERIALS FOR ENHANCED EWPS 
	4. MODIFIED WOOD MATERIALS FOR ENHANCED EWPS 
	4.1. Ultra-Stro g De sifed Wood 
	4.1. Ultra-Stro g De sifed Wood 
	The manufacturing of construction materia s a one gave rise to 
	3.2 gigatons of COin 2020, accounting for 10% of tota  COemissions among a   sectors.Therefore, it is urgent to deve op carbon-negative materia s to nu  ify embodied greenhouse gas emissions, meanwhi e transforming bui dings into net carbon storage structures on a  ife cyc e basis. The mechanica  strength of structura  materia s is of primary importance to achieving widespread imp ementation in bui ding app ications. Meta s, 
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	hard to rea ize inexpensive and sca ab e fabrications.To circumvent this  imitation, Hu et a . at UMD fabricated fu  y de ignifed and densifed wood composed of a igned ce  u ose nanofbers, which can be emp oyed as a powerfu  radiative coo ing materia  (A).The mu tisca e fbers and channe s, serving as scattering e ements, enab e high y efcient broadband refection in the visib e  ight range. What’s more, the mo ecu ar vibration of the functiona  groups on ce  u ose gives rise to intense emissions in the infra
	122 
	122 

	Figure 11
	123 
	123 

	Figure 11
	Figure 11
	Figure 11
	2 
	2 
	Figure 11

	In addition to the top-down approach mentioned above, the bottom-up assemb y of ce  u ose fbers has a so been exp ored to fabricate radiative coo ing materia s. As reported by Chen and 
	In addition to the top-down approach mentioned above, the bottom-up assemb y of ce  u ose fbers has a so been exp ored to fabricate radiative coo ing materia s. As reported by Chen and 
	co-workers, they fabricated  ignoce  u osic membranes by vacuum f tration of the de ignifed ce  u ose fber mixed with SiOmicrospheres, fo  owed by densifcation via hot pressing (F).The 8-fo d increase in tensi e strength of the coo ing membrane (208.5 MPa) in comparison with the pure wood is attributed to the strong interactions between fbers in the compacted ce  u ose  ayers composed of a microsca e network (H). In the proof-of-concept test, the average coo ing power is 52 W/m, and the subambient temperatu
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	6. TRANSPARENT WOOD 
	6. TRANSPARENT WOOD 
	6. TRANSPARENT WOOD 
	Transparent wood (TW) is an emerging materia  with added  ight and therma  management functiona ities, frst reported by Fink in 1992, and then rediscovered by the University of Mary and and KTH separate y in 2016.Transparent wood materia s are prepared from wood by de ignifcation or b eaching fo  owed by inf tration of a po ymer with a refractive index (RI) 
	74
	74

	,
	125 


	--

	Link
	Artifact

	 ight is refected away. It is important to note that a   these nanopartic es give intrinsic co ors to the TW, and the fact that their phase transitions are usua  y accompanied by a visib e co or change. 
	Neverthe ess, because TW which can change co or upon diferent stimu i cou d be desirab e for “smart windows” app ications,severa  studies discussed the incorporation in TW of a variety of organic and inorganic materia s for thermo(e.g., ODB dyes,the a ready mentioned VO) and photo-chromic (especia  y using spyropyran dyes composites).An e ectrochromic transparent wood device was a so reported, made by sandwiching a ge  e ectro yte between two po y(3,4ethy enedioxythiophene):po y(styrenesu fonate) (PEDOT:PSS
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	change was then obtained upon the app ication of a re ative y  ow vo tage (0.8 V). 
	change was then obtained upon the app ication of a re ative y  ow vo tage (0.8 V). 
	A high y undesirab e co or change is one cha  enge, which accompanies the pro onged exposition of transparent wood to u travio et radiation (“ye  owing”). Exposure to UV−C strong y afects the co or and transmittance of transparent wood in a matter of days. Upon irradiation, TW acquires a ye  ow co or, which darkens with increasing exposure time due to the reactivation of chromophores of residua   ignin as we   as the degradation of the impregnating po ymer.To a  ow the app ication of transparent wood in bui
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	Luminescent wood is a high y promising materia  for indoor  ighting. The incorporation of fuorescent, phosphorescent, or e ectro uminescent moieties inside wood cou d a  ow the design 
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	chemica  (acetic acid−hydrogen peroxide mixture)means resu ted in high y compressib e wood sponges, with a piezoe ectric output ≥85 times higher than native wood (F− I). However, the  imited e ectrica  output (vo tage 0.69 V, current 7.1 nA, and peak power density 0.6 nW cmfor a 15 × 15 × 14 mmsponge under a pressure of 13.3 kPa) and prob ematic sca abi ity (chemica  de ignifcation is much faster than the bio ogica  one, hours instead of weeks, but requires a freeze-drying step) of the process make this app
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	Triboe ectric wood nanogenerators, thanks to notab y higher e ectrica  outputs, are more suitab e for  arge-sca e app ications. In recent years the deve opment of biobased triboe ectric materia s, especia  y using po ysaccharides such as ce  u ose, has generated a huge research interest.However, extensive and comp icated modifcation steps are often required to produce materia s with sufcient performance, reducing their overa   sustainabi ity. Wood, as a state-of-art materia  for foorings and wa   pane s, is
	Triboe ectric wood nanogenerators, thanks to notab y higher e ectrica  outputs, are more suitab e for  arge-sca e app ications. In recent years the deve opment of biobased triboe ectric materia s, especia  y using po ysaccharides such as ce  u ose, has generated a huge research interest.However, extensive and comp icated modifcation steps are often required to produce materia s with sufcient performance, reducing their overa   sustainabi ity. Wood, as a state-of-art materia  for foorings and wa   pane s, is
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	fooring was obtained, without the need for de ignifcation, by functiona izing a wood scafo d with ZIF-8 meta −organic framework (MOF) nanocrysta s (making wood more tribopositive) and si icone po ymer (PDMS, making wood more tribonegative) (). In that study, the advantage was taken of the characteristic features of wood to increase, respective y, the mechanica  stabi ity of the ZIF-8 partic es and the surface area of the PDMS  ayer.
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	Despite the great promises of piezo-and triboe ectric wood nanogenerators, severa  cha  enges of both fundamenta  and app icative nature need yet to be addressed. The exact mechanisms of e ectricity generation in wood materia s are sti   a subject of debate, whi e new and improved designs are researched with a high y empirica  process. From the sustainabi ity point of view, much remains to be done as we  . The use of fuoropo ymers signifcant y reduces the positive aspects brought by the use of wood. A so, t
	Despite the great promises of piezo-and triboe ectric wood nanogenerators, severa  cha  enges of both fundamenta  and app icative nature need yet to be addressed. The exact mechanisms of e ectricity generation in wood materia s are sti   a subject of debate, whi e new and improved designs are researched with a high y empirica  process. From the sustainabi ity point of view, much remains to be done as we  . The use of fuoropo ymers signifcant y reduces the positive aspects brought by the use of wood. A so, t


	8. CARBON IMPACT AND RECYCLABILITY OF ENGINEERED WOOD PRODUCTS 
	8. CARBON IMPACT AND RECYCLABILITY OF ENGINEERED WOOD PRODUCTS 
	Around 3.7 gigatons of COare emitted annua  y from the g oba  stee  industry, fo  owed by 2.5 gigatons from the cement sector, 
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	1.1 gigatons from the a uminum (A ) industry, 850 mi  ion tons from the p astics industry, and 86 mi  ion tons from g ass 
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	manufacturing (Specifca  y, stee -based structura  materia s have been wide y emp oyed for construction app ications. Stee  is typica  y manufactured via a high-temperature process that consumes a signifcant amount of energy (∼20 GJ/t for stee ) and produces  arge greenhouse gas emissions (∼1.9 t CO-eq/t for stee ).Considering the 40 mi  ion tons of stee  used in the construction industry in the United States per year, 76 mi  ion tons of greenhouse gases have been emitted, accounting for more than 1% of the
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	Wood, on the other hand, can be derived from nature direct y and used to fabricate mass timber products. During the growth of trees, it is estimated that 1.8 kg of COcan be removed from the atmosphere per kg of dry wood via photosynthesis. Thanks to the advances made so far in wood nanomateria s and 
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	aspects shou d generate more attention in the future for an advantageous deve opment of this emerging research fe d. 

	9. LCA OF ENGINEERED WOOD PRODUCTS 
	9. LCA OF ENGINEERED WOOD PRODUCTS 
	9.1. Basics of LCA o  E gi eered Wood Products 
	LCA is a standardized too  to eva uate the environmenta  impacts of a product or a process throughout its  ife cyc e.As 
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	209 


	shown in A, the LCA framework consists of four main phases, name y the goa  and scope defnition, Life Cyc e Inventory (LCI) ana ysis, Life Cyc e Impact Assessment (LCIA), and Life Cyc e Interpretation.
	Figure 19
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	The frst phase of LCA defnes the goa  and scope of a study. The scope defnition needs an exp icit description of the subject to be studied (e.g., an engineered wood product), functiona  unit, system boundary, data requirements, impact categories 
	The frst phase of LCA defnes the goa  and scope of a study. The scope defnition needs an exp icit description of the subject to be studied (e.g., an engineered wood product), functiona  unit, system boundary, data requirements, impact categories 
	se ected, and other scope defnition items.Previous LCAs of engineered wood products common y se ect product- eve  units as their functiona  units (e.g., 1 mof wood product, 1000 board feet of wood product). Among those, 1 mof engineered wood products is the most adopted in previous  iterature.Other product- eve  functiona  units are re ated to specifc constructiona  app ications (e.g., 1 mof the roof, 30 mof surface decking) to compare with traditiona  bui ding materia s (e.g., stee ).For examp e, Petersen 
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	who deve oped a dynamic LCA for CLT across 100 years in the Southeastern U.S. based on the functiona  unit of 1-ha forest  and. The resu ts demonstrate the substantia  impacts of forest productivity on the net GHG emissions of CLT (−954 to −1445 t COeq/ha for a high forest productivity scenario compared to −609 to −919 t COeq/ha for a  ow forest productivity scenario). 
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	The system boundary, which needs to be consistent with the goa  of LCA, decides which unit processes shou d be inc uded within the LCA.B shows two typica  system boundaries used in LCA studies of engineered wood products, name y crad e-to-gate and crad e-to-grave. The crad e-to-gate system boundary common y inc udes raw materia  extraction, forest operations and growth, transportation, and production. The crad e-to-grave system extends the crad e-to-gate system 
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	Based on  imited studies on the who e bui ding embodied carbon assessment (). The average  ife span used in the case studies ranges from 50 to 100, and the average bui ding size is 23615 m. The bui ding type inc uded an ofce bui ding, residentia  bui ding, educationa  bui ding, and  ibrary. The mean embodied carbon is 570 kgCO/m/yr in the U.S. As i  ustrated in , the bottom bar represents the embodied carbon of a who e bui ding, ranging from 89 kgCO/m/yr to 1050 kgCO/m/yr. A so inc uded in are previous stud
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	The deve opment of embodied carbon is intertwined with the deve opment of LCA methodo ogies for materia s and bui dings because embodied carbon is a part of the who e  ife cyc e carbon associated with a bui ding project.In the past two decades, there has been increasing g oba  interest in the ana ysis of characteristics and the re ated embodied carbon of  arge existing bui ding stocks. However, compared to the  arge body of studies on energy efciency improvement of the existing bui ding stock, the studies o
	The deve opment of embodied carbon is intertwined with the deve opment of LCA methodo ogies for materia s and bui dings because embodied carbon is a part of the who e  ife cyc e carbon associated with a bui ding project.In the past two decades, there has been increasing g oba  interest in the ana ysis of characteristics and the re ated embodied carbon of  arge existing bui ding stocks. However, compared to the  arge body of studies on energy efciency improvement of the existing bui ding stock, the studies o
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	materia s modifed with the use of nanotechno ogica  approaches. 

	10. TEA OF ENGINEERED WOOD PRODUCTS 
	10. TEA OF ENGINEERED WOOD PRODUCTS 
	10.1. Basics of TEA o  E gi eered Wood Products 
	10.1. Basics of TEA o  E gi eered Wood Products 
	Techno-economic ana ysis (TEA) is a common y adopted too  to eva uate the technica  performance and economic feasibi ity of a process, product, or service.TEA can support decision-making processes by providing both technica  and economic information.A shows the TEA framework proposed by Zimmermann et a ., which has simi ar phrases as the LCA framework and inc udes goa  and scope, inventory, ca cu ation of indicators, and interpretation.The goa  and scope defnition phase usua  y inc udes main questions, inte
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	In the inventory phase, the data requirements are defned; technica  data (e.g., mass and energy demand and equipment capacity) and economic data (e.g., materia  price,  abor sa ary, and equipment purchased price) need to be co  ected and adjusted according y depending on the data requirement (e.g., specifc year of ana ysis, region).In the ca cu ation phase, based on the prior two phases, the indicators wi   be ca cu ated to measure the technica  and economic performance.In the interpretation phase, the qua 
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	10.2. TEA of Traditio al E gi eered Wood Products 
	10.2. TEA of Traditio al E gi eered Wood Products 
	TEA has been app ied to ana yze the economic feasibi ity and main economic drivers of traditiona  engineered wood products. For examp e, Laufenberg et a . studied the economic perform
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	Table 1. Comparisons of Efective CLT Panel Stifness, Confgured in Flatwise Bending of the Major Strength Direction, Between Standard and Superwood-Reinforced Layups
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	fo  Pe fo mance-Rated C oss-Laminated Timbe provides detai ed specifcations regarding steps in the manufacturing process, inc uding testing and qua ity assurance. Whi e many  amination requirements essentia  y carry over from g u am standards,the  ayup of CLT in orthogona  directions and new adhesive choices urged new requirements. 
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	CLT manufacturing common y used PURs as a  aminating adhesive to decrease the c amping and curing times. PUR bonds, however, typica  y do not maintain integrity under moisture or fre quite as we   as PRF adhesives.De amination of CLT during fre tests  ed to the mandatory annex B, P actice fo  Evaluations Elevated Tempe atu e Pe fo mance of Adhesives Used in C oss-Laminated Timbe .Because the sca e and costs of such fu  -sca e qua ifcation tests are considerab e, Miyamoto et a .deve oped a sma  -sca e screen
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	Whi e g u am has been featured in architectura  structures for near y a century, the emergence of CLT pane s revita ized mass timber construction. During the ear y part of the 21st century, the SOFIE project deve oped a comprehensive research p an for fu  y pane ized CLT bui ding archetypes that cu minated in a seismic shake-tab e test of a 7-story prototype bui ding in Japan.The construction of 9-and 10-story apartments, in East Londonand Me bournein the time frame between 2009 and 2011, represented the pi
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	concrete. 
	The g oba  pro iferation of CLT has  ed to increasing y ta  er timber construction over the past decade. To keep pace with these rapid deve opments, the 2021 edition of the Internationa  Bui ding Code deve oped new c assifcations for type IV mass timber structures up to 18 stories ta  .A series of fu  -sca e compartment fre tests conducted in ATF  aboratories provided a research basis for estab ishing these code  imits.Preferences among commercia  architectsof North American bui dings, however, have trended
	The g oba  pro iferation of CLT has  ed to increasing y ta  er timber construction over the past decade. To keep pace with these rapid deve opments, the 2021 edition of the Internationa  Bui ding Code deve oped new c assifcations for type IV mass timber structures up to 18 stories ta  .A series of fu  -sca e compartment fre tests conducted in ATF  aboratories provided a research basis for estab ishing these code  imits.Preferences among commercia  architectsof North American bui dings, however, have trended
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	toward post-and-beam archetypes that support CLT deck pane s on g u am framing. As a greater variety of mass timber bui ding schemes emerged, Foster et a .proposed to c assify this broad assortment of ta   wood construction. To date, the ta  est rea ized mass timber g u am/CLT structures have risen to heights of 18 stories and ta  er in North America.H is a photograph of the Ascent bui ding, taken in September 2021 during its construction. The upper 18 stories use mass timber g u am framing and CLT decks th
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	Figure 22
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	Despite increased acceptance of mass timber in recent editions of bui ding codesand reference standards,the construction of mu tistory timber bui dings today rare y re ies on an entire y wood structure. Reinforced concrete cores are common y used in mu tistory bui dings, from midrises to skyscrapers, to provide  atera  stifness and robust enc osures for egress.Most wood vo ume used in this hybrid construction is in the foor systems, which have dua  functions. CLT decking pane s must transfer gravity  oads t
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