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Chapter 21 )
Engineered Wood Products et

(EWP)—Resource Efficiency
and Environmental Performance

Maximilian Pramreiter, Johannes Konnerth, and Paul Mayencourt

Abstract Today, the construction sector has access to a vast array of resources,
ranging from non-renewable materials like steel and concrete to natural materials
like stone and timber. These materials are either used alone or in combination as
part of composites. Driven by the need to reduce the environmental impact of the
built environment, Engineered Wood Products (EWPs) like Glued Laminated Timber
(GLT) or Cross Laminated Timber (CLT) have gained increasing interest in the
construction sector in recent years. This chapter explores the resource efficiency
and environmental performance of these EWPs, by examining established literature
on production processes, material yields, and life cycle assessments. The chapter
highlights the role of different wood species, processing methods, and mechanical as
well as environmental performances. It also discusses circularity and potential areas
for future research to enhance the overall sustainability of the wood value chain. This
comparative approach aims to support material selection decisions and foster more
responsible use of forest resources in the built environment.
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21.1 Introduction

21.1.1 Is There Enough Wood for Construction?

The built environment fulfils a multitude of functions in our modern society. While
in the Stone Age it primarily served as a shelter and mankind spent most of its time in
nature, today we spend a large part of our day in or around man-made structures. Simi-
larly, the materials we use to create these environments have significantly changed
and expanded throughout the course of history. Today, the construction sector has
access to a vast array of resources, ranging from non-renewable materials like steel
and concrete to natural materials like stones and timber. These materials are either
used alone or in combination in the form of composites and are either load-bearing
or non-load bearing. One of these natural materials, wood, is currently experiencing
a renaissance in construction.

This renaissance is fuelled by the need to create a sustainable living space for
our society while at the same time tackling climate change [1, 2]. Wood as building
material offers not only the capability to build high rise and large volume structures
but it also sequesters carbon while being used as material. It is therefore no surprise
that a race for the tallest wooden skyscraper has ensued in recent years, with height
records sometimes being broken only by one metre to the previous champion (e.g.
the Ascent Tower in the USA at 87 m, followed by the Mjgstarnet Building in
Norway at 85 m, the HoHo Tower in Austria at 84 m as seen in Fig. 21.1b and
the Sara Kulturhus Centre in Sweden at 75 m). It will not stop here, future projects
like the “Rocket & Tigerli” in Switzerland (100 m, targeted completion in 2027) or
the “C6” in Australia (planned with 183 m) in Australia are already in the pipeline.
Considering humans’ past, it is not the first time that wood is considered to be an
excellent building material. Recent discoveries by Barham et al. [3] assume that
wood was used as structural material already 476,000 years ago (see Fig. 21.1a).

However, compared to this distant past, the current material need for construction
is on a totally different level [4] and when society talks about (partially) substituting
steel and concrete with wood, the following question arises: “Is there enough wood
for construction and how should we build with wood to preserve our forests?”

21.1.2 The Global Wood Value Chain

In an attempt to answer this question, it is necessary to take a look at the globally
available woody biomass from forests, the current areas of use and the potential
demand for building products in the future.
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Fig. 21.1 Wood as oldest building material and current shooting star in architecture and design.
a Earliest evidence of structural use of wood in archaeological records, dating back at least
476,000 years (adopted with permission from [3], copyright Prof. Larry Barham)). b HoHo in
Vienna, high-rise flagship project using mass timber, completed in 2021 (with permission from
KiTO photography https://www.kito.at/, copyright by Michael Baumgartner/KiTO)

21.1.2.1 Current Material Flows and Areas of Use

According to Bais et al. [S] roughly 158 megatons of carbon [MtC] of the annu-
ally extracted woody biomass (1936 MtC) end up in wood-based products (part of
HWP in Fig. 21.2). This represents roughly 13% of the annually socioeconomically
used biomass of the world’s forests (1219 MtC, “Used extraction” plus “Recovered
paper”), with the remaining 87% divided between wood energy use (48%), paper
and paperboards (22%), losses (8%), wood waste (6%) and poles as well as posts
among other niche products (3%).

Based on these current wood carbon flows (see Fig. 21.2), a significant utilisation
potential for wood in construction can be identified, as almost 56% of the annually
used forest biomass (1050 MtC) is used as fuel wood. A portion of these resources
could be used for construction products with higher added value and longer carbon
sequestration periods, while remaining available for further material use after re-use
or recycling [8]. The material can then still be used as fuel at the end of its use
cycles. However, it should be noted that there are considerable regional differences.
For example, looking at the findings of Mantau [9] for wood flows in Europe (EU
27), only 36% of the annually used forest biomass is directly put into fuel wood.

In addition, there are still available reserves in our forests that could be sustain-
ably harvested for the production of building materials. According to Bais et al. [5]
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Fig. 21.2 Global wood carbon flows [MtC/yr] from net primary production (NPPyca1) to final
consumption in 2010 (adopted with permission from [5], copyright by Anna Liza Bais). TBA
(total biomass appropriation), HANPPharv (human appropriated net primary production), SOC
(soil organic carbon) and HWP (harvested wood products). To estimate [m3/yr] divide numbers by
0.5 (carbon to wood ratio [6]) and then by density of assumed wood species mix (e.g. 0.650 t/m>
average density according to [7])

roughly 30% of the annual net primary production (currently 4% of 49,200 MtCl/yr,
globally) could be harvested without impairing the health of the forests. However,
regional differences must also be considered here, as parts of the world have already
exceeded this threshold [5]. However, in the European Union (EU 27) for example,
only 75.7% of the annually available forest biomass is utilised [9]. A similar poten-
tial was recently reported by the European Commission [10]. In addition, the avail-
ability and accessibility of forest area for wood supply is also essential to mobi-
lize these potential reserves in the future [11, 12]. Considering accessibility, it is
worth mentioning that countries with large cities not necessarily also have access to
vast amounts of forest resources (see Fig. 21.3). Therefore, the utilisation of wood
might not be the best solution everywhere on the planet yet, due to increasing trans-
port distances and potential exploitation of foreign forest resources without proper
regulations and adequate forest management practices.

To sum up the supply side for wood in construction it can be said, that there is
still potential for raw materials from the world’s forests and not mentioned so far,
forest plantations. However, sustainable forest management practices and accurate
resource monitoring will be an absolute necessity in order to prevent overuse in the
future [15].

21.1.2.2 Potential Demand for Construction

Taking a look on the demand side, projecting future growth for wood in construction
is even more complex than the available forest resources. The various methods of
collecting data on the current consumption and flows of building materials are already
a much-researched topic [16]. However, future shares of different materials and their
demand are often not even considered at this stage. Furthermore, it is also difficult
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Fig. 21.3 The world’s largest cities and global forest cover in 2020. (Created with ArcGIS online,
copyright by ESRI [13, 14])

to provide a global perspective, as regional customs, policies and regulations play an
important role when it comes to the demand side of the construction sector [17-21].
Nevertheless, a possible approach estimating future demand for wood in construction
was recently provided by Churkina et al. [1]. They investigated different transition
scenarios (“business as usual”, “10% timber”, “50% timber” and “90% timber”’) to
provide a sustainable living space for the additional 2.3 billion urban residences
until 2050 by incrementally substituting a steel- and concrete-based construction
method with a timber-based building system. According to their findings, the addi-
tional wood demand could range from 20 MtC/yr in the “10% timber” scenario up
to 1360 MtC/yr in the “90% timber” scenario, which would outstrip the current
total roundwood supply reported by the FAO [22, 23]. This wide range of potential
demand shows the high uncertainties linked to the different visions for the future
of the construction sector and underlines the unpredictability that the forest-based
industries have to deal with. Especially considering the wide range of EWPs and
possible building systems they are used for. However, besides a singular focus on
mass timber construction as assumed by Churkina et al. [1], a wide range of possibly
more resource-efficient systems or combinations of them could be employed to create
the future living space. For example, timber frame construction stands out in partic-
ular as a possible complementary construction method with potentially lower raw
material consumption compared to systems based only on mass timber.

Paired with the push to also transition the energy sector to a more sustainable
mix of energy sources it becomes clear that in order to prepare for this future market
conditions the resource efficiency and environmental performance of processes and
products needs to be part of the discussion. This will help provide the necessary
baseline in order to support policymakers with the sustainably distribution of the
available forest-based raw materials.
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21.1.3 Scope of This Chapter

This chapter aims to present currently available Engineered Wood Products (EWPs)
for structural applications (see Fig. 21.4) and summarizes the current state of the art in
regard to their resource efficiencies as well as production processes (Sect. 21.2). The
overview is complemented by a concise discussion of their mechanical (Sect. 21.3)
and environmental (Sect. 21.4) performance.

These aspects of EWPs have recently been reviewed in depth by Pramreiter
et al. [24]. This publication serves as the foundation for this chapter and is supple-
mented by a more detailed look into the by-products, sometimes referred to as
residues or scrap, during the production processes. Furthermore, six additional EWPs
are added to the comparison. It should be mentioned that a detailed description of the
different products and production steps has been published multiple times up to this
day and can be found most recently in Niemz et al. [25] and also in Dunky et al. [26],
Ansell [27], Walker [28], Wagenfiihr [29], Williamson [30] and the Forest Products
Laboratory [31]. These references serve as a baseline for the depicted production
steps in Sect. 21.2.

It should be noted here that the chapter aims to present the products without the
goal of promoting one over the other. The comparisons should rather give insight
into the variety of available products and provide base-values for material selection.
It is therefore not the aim of the authors to rank the available products.

a Finger-jointed Glued Laminated Laminated Veneer Parallel Strand Laminated Strand Scrimber?
Lumber/Timber Timber! (GLT) Lumber? (LVL) Lumber? (PSL) Lumber® (LSL) (SCR)
|
|
i
!
J
b Cross Laminated Dowel Laminated Nail Laminated Plywood? Oriented Strand Particle Board® Fibre Board®
Timber* (CLT) Timber* (DLT) Timber! (NLT) (PLY) Board® (OSB) (PB) (FB)

Fig. 21.4 Overview of established engineered wood products (EWP) for structural applications
based on the used intermediary (lLumber or Sawn timber, 2Peeled veneers, 3 Strands, 4 Scrim-mats,
SParticles, °Fibres). a Typically beam-shaped. b Typically panel-shaped. (Not to scale, drawings
created by Frederic Lam)
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21.2 Resource Efficiency

The first section of this chapter gives insight into the utilized raw materials and the
resource efficiency from the first breakdown (the first disintegration of roundwood
into intermediaries) to the final material yield of the finished EWP. Furthermore, it
presents the most common occurrences of by-products during manufacturing. The
statements are taken from the literature (see Sect. 21.1.3) and expert interviews in
the field.

21.2.1 Definition of Resource Efficiency

Resource (process) efficiency, also referred to as material or product yield can be
calculated based on the following equation:

Resource efficiency or material yield
Intermediaries or material output

= , — x 100[%] (21.1)
Roundwoodor intermediary input

It expresses the ratio between the output of intermediaries or final material and
the input of roundwood or intermediaries. The remaining % to 100% is typically
by-product which still can be used in other wood processing streams and end up
in different materials. This is an important merit of the wood processing industry.
Basically, nothing of the input raw material is wasted in a classical sense but rather
transferred to other process streams of typically lower added value compared to
structural building products [32]. Furthermore, there are few additional factors that
need to be considered when using this metric to compare products and their efficiency
in utilizing raw material.

In regards to first roundwood breakdown into different intermediaries, the
measuring principle (volume or weight), the measuring standard (different log scales)
as well as the consideration of the bark content dictates how one unit of roundwood
input is actually calculated. This can lead to significant differences in reported vs.
actual roundwood input and significantly influences the reported process efficien-
cies [33, 34]. According to a recent study by the Food and Agriculture Organization
of the United Nations (FAO) [35] different national log scales can cause a devia-
tion from true log volume as high as 32.3% (8.4% on average). Furthermore, when
converting 1000 Board Feet (bd. ft.), the traditional unit for sawmill processes in
North America, the resulting volume in m? can range from 3.87 m® up to 17.23 m?
depending on the log scale and small end diameter [35].

Additionally, the subsequent processing of intermediaries into finished EWPs, the
unit (weight or volume) in which the throughput is monitored needs to be considered
as well. While lumber-(which can also be referred to as sawn timber) and veneer-
based processes are usually controlled only using volume (e.g. m® or bd. ft.), the
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strand-, particle- and fibre-based processes are monitored using mostly weight (e.g.
bone-dry tons also referred to as ATRO) and to some extend also volume. This differ-
ence is especially critical when considering the different drying steps to achieve a
target moisture content and the compaction (i.e. densification) during the pressing
steps. The change in moisture content leads to a change in dimension (volume
shrinkage, values for volume shrinkage of selected wood species can be found in
literature [31, 36]) and weight (water extraction), while the compaction further influ-
ences the dimension (reduced cross-section). Both steps influence the actual density
[kg/m?] of the material, which is the driving parameter when converting output mate-
rial into different units. The accurate determination of these factors is therefore key
when comparing these materials.

21.2.2 Raw Material

The predominantly used raw material for the production of EWPs consists of different
assortments of roundwood (typically without bark) from forests and, in the case of
Particle Boards (PB) and to some extent Fibre Boards (FB), industry by-products (e.g.
chips and sawdust) as well as recovered wood from consumers [25]. Depending on the
required properties of the final product and the technological processing conditions,
relevant quality factors of the utilised roundwood include:

e Wood species (coniferous or deciduous, also referred to as softwood or hardwood,
see also Fig. 21.5a)
e Dimension (mainly diameter, length and volume)

a b
45 R I — I S — o 100%
b 90%
40 37 2| |
35 3.4 34| ] L 80%
b 31
30 '2.3'/.4=/ P 0%
2.3 7 77 60% S
25 | ] g
2.1 + 50% %
20 1.8 - P
14 1.6 16| __|eer” —40%‘2
15 1.3 e . LAY &
10) __f==r-"7" | paow
i W1V i N e g 12 | 20%
it 77 ) 0.9 ; g
i 4 08 0.8
| >Stem o 0.6 - 10%
0.0 0%
. 1961 1971 1981 1991 2001 2011 2021
Coniferous Deciduous | cconiferous  CDeciduous  —e—Total  —e—Industrial - Sawlogs & veneerlogs |

Fig. 21.5 Overview of global roundwood used for the production of engineered wood products
(EWP). a Typical tree morphology of coniferous and deciduous trees (adopted with permission,
copyright by Andreas Tockner, Institute of Forest Growth, University of Natural Resources and Life
Sciences, Vienna). b Development of global total roundwood supply from 1961 to 2021 as reported
by the FAO [22] and amount of industrially used roundwood (incl. the volume of sawlogs & veneer
logs) for the production of EWPs
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e Growth characteristics (the shape and the quality of the roundwood)
e Biological condition of the tree (is the wood in a healthy condition, e.g. fungal
decay or other forms of biological attack).

For the sake of simplicity, the definitions laid out by the FAO [37] for different raw
materials of the forest-based value chain will be used in the subsequent comparison
of EWPs. More specifically:

e “Roundwood” (roundwood that is removed from the forest),

e “Wood fuel” (roundwood that will be used for the purposes of power production).

e “Industrial roundwood” (all roundwood removed for utilisation, except wood
fuel).

e “Sawlogs and veneer logs” (roundwood that will be sawn lengthways or used for
the production of peeled or sliced veneers). The terms “sawlogs” and “veneer
logs” will also be used on their own.

Furthermore, general terms and definitions for roundwood can be found in ISO
24294 [38] and EN 844 [39], while the measurement of dimensions and volume
calculation is standardised in ISO 13059 [40] and further described for Europe in EN
1309-2 [41]. Definitions in regards to growth characteristics (quality) can be found
in ISO 24294 as well as in EN 1927 [42-44] for coniferous and in EN 1316 [45,
46] for deciduous species. Definitions concerning the biological condition of the
tree are standardised in EN 1309-3 [47]. The previously mentioned quality aspects
are to a certain extend already assessed in the forest, before the tree is harvested
in order to decide on the target process and potential part of the industry sector the
roundwood will be sold to. In that regard it needs to be mentioned that in some
instances the market condition may favour certain process streams over others even
if the roundwood would fulfil higher quality requirements. In some cases, this can
go so far that individual production sites procure all the available roundwood in a
region without pre-assessing the quality of the acquired material.

According to the FAO [22, 37], the global roundwood supply has almost constantly
increased since 1961 (the earliest recording) from 2.5 x 10° m? to 4.0 x 10° m? in
2021 (see Fig. 21.5b). Similarly, the volume of industrial roundwood has increased
from 1.0 x 10° m? in 1961 up to 2.1 x 10° m? in 2021. About 1.2 x 10° m? of
“sawlogs & veneer logs” were harvested in 2021, which accounts for 57% of the total
industrial roundwood supply and represents a slight decrease compared to the share
of 63% (0.6 x 10° m®) in 1961. This decrease in relative importance is partly caused
by the development of particle-based EWPs like Laminated Strand Lumber (LSL)
and Oriented Strand Board (OSB) in the late 1960s and the subsequent installation of
production capacities in Europe and North America from the 1980s onwards, which
led to the substitution of PLY and other EWPs in some regions [28]. However, from a
structural perspective, sawn timber-based EWPs are still dominating the wood-based
construction sector. This starts with strength-graded and sometimes finger-jointed
timber for timber-frame construction at the lower end of added value, all the way up
to prefabricated Cross-Laminated Timber (CLT) wall- and floor-elements, currently
offering the highest added value for the wood industry. CLT has seen significant
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increases in market share in Europe since 2010 [48, 49] and is currently fuelling a hype
of so-called mass timber construction in North America which started in 2018 [50].
The roundwood used for these products predominantly comprises of coniferous wood
species like Spruce, Pine or Fir and usually requires a uniform/straight trunk shape
with little taper and only tolerates small knots (see Fig. 21.5a). However, according
to recent studies by Hanewinkel et al. [51] and Thuiller et al. [52] climate change
will also impact the species mix of forests in the future, with an expected increasing
share of climate-resilient deciduous trees at the cost of currently dominating conifers.
This trend is already visible in the supply of industrial roundwood (see Fig. 21.5b),
as the share of coniferous wood has decreased from 74% in 1961 to 58% in 2021,
while the share of deciduous wood has increased from 26 to 42%. However, this past
shift is probably caused by an increase in industrial roundwood used in the pulp and
paper industry as well as other industrial roundwood used for poles, posts, fencing,
pitprops, shingles and shakes, wood wool, tanning, distillation, among others. In these
areas the share of deciduous species has continuously increased while the supply of
conifers has decreased [22]. Nevertheless, this shifting species mix will lead to an
increase of, currently considered low-quality, non-sawable assortments. This is due
to the fact, that deciduous trees grow more heterogenous compared to conifers, with a
higher share of branches and lower share of high-quality stem wood (see Fig. 21.5a)
[11, 53]. This shift will require a more diverse combination of processes in order
to efficiently cover the potential demand for structural EWPs [2]. It also influences
other technological factors like adhesive technology, mechanical performance and
dimensional stability.

21.2.3 First Breakdown and Intermediaries

As mentioned in the previous section, the predominant raw material source for
EWPs is roundwood (without bark) from coniferous or deciduous tree stems (see
also Fig. 21.5). An exception to this is recovered wood in the PB production. Simi-
larly, by-products from other first breakdown processes like wood chips, sawdust or
fines can be seen as raw material for the PB and in the case of wood chips also for
the FB production.

Figure 21.6 summarizes the breakdown steps leading to different EWPs with their
intermediaries in a simplified way. The raw material is put through first breakdown by
either sawmilling, veneer peeling, stranding, scrimming or chipping. In some cases,
a secondary breakdown will occur if the required size of the intermediary needs to
be further reduced. This can include for example clipping for PSL, flaking for PB
or refining for FB production. Steps like planing, finger-jointing or sanding should
not be considered as part of a secondary breakdown, as it does not change the size
of the material in a significant way. A concise discussion of the typical sizes of the
different intermediaries and the dimensional freedom of the different EWPs can be
found in Sect. 21.2.4.
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Fig. 21.6 Simplified summary of utilized raw material, first and secondary breakdown, intermedi-
aries and finished EWPs (based on [25, 37])
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This first roundwood breakdown is one of the most dominating factors when it
comes to overall resource efficiency. The first breakdown gives the basic dimen-
sion of the intermediary and dictates a certain range of resource efficiency due to
the underlying technology. Currently, only the sawmilling and veneer peeling (also
slicing, for non-structural applications) processes create an intermediary that is also
sold as its own product. The production of the strand-, particle- and fibre-based
EWPs is normally a fully finished process and the intermediaries are usually not
marketed. This is due to the fact that the sawmill and veneer industry has a very long
tradition and has historically become more and more integrated by implementing
additional value-adding processes over the years. In comparison, the other indus-
tries have mainly developed from the need to either utilize a certain raw material or
substitute an existing product (e.g. OSB as substitute for PLY). For this reason, there
is a lot of literature on the resource efficiency of lumber and veneer production and
relatively little on the first breakdown of the other EWPs.

Figure 21.7 summarizes the values found in literature on the process efficiency
of sawmilling and veneer peeling and the subsequent process steps to arrive at either
dried and planed lumber or dried and clipped veneer sheets. A detailed list of literature
dealing with the process efficiency of first-round wood breakdown can be found in
the appendix of Pramreiter et al. [24].
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Fig. 21.7 Process efficiency [%] of the first roundwood breakdown and subsequent by-products
until the final intermediary material. The base input material is roundwood (without bark), with the
input unit being either cubic volume or weight. (Based on [24])

21.2.3.1 Sawmilling

The average total green lumber yield related to sawlogs under bark ranges from 25%
up to 74% with an average of 52%. In general, sawmilling efficiency increased due to
improved process technologies over the past decade’s [54—57]. Nevertheless, various
factors influencing sawmilling efficiency are summarized in Table 21.1.

Market characteristics (e.g. price of lumber vs. price of by-products) influence
sawmilling efficiency by conscious decisions against or in favour of an improved
lumber yield [58, 59]. In contrast, mill, roundwood, process and lumber characteris-
tics are predominantly discussed to improve lumber yield. Roundwood characteris-
tics, diameter, length, taper, curvature and local decay are the most important factors
influencing process efficiency. Based on findings in the literature [33, 58, 63-65]
lumber yield increases with increasing roundwood diameter, while yield generally
decreases with increasing length, taper and curvature. To compensate for differing
roundwood shapes and sizes, process characteristics like sawing patterns (opening
faces) [33, 58, 68, 73], as well as rotation and positioning [74, 75] of the roundwood
are usually a direct answer to raw material characteristics to maximize yield on a
log-to-log basis. Additionally, general equipment properties like machine set-up [61,
63] and sawing kerf width [33, 58, 63] along with maintenance schedule [58] also
influence the process efficiency. However, the ongoing improvements in 3D X-ray
scanner technology have enabled the industry to obtain information about the internal
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Table 21.1 Factors influencing sawmilling efficiency

Factor Factors References

Market Product mix, prices, demand and price for [33, 56, 58, 59]
by-products, round wood supply

Mill Production capacity, equipment type, age of the [54-56, 58, 60, 61]
machinery, decisions making

Roundwood | Species, origin (native or plantation forest), [33, 54-56, 58, 62-71]
diameter, length, taper, curvature, knottiness,
position of crosscut

Process Cutting pattern, accuracy, saw kerf, rotation and [56, 58, 59, 63, 68, 72-75]
positioning, curve sawing capabilities, condition
and maintenance of equipment

Lumber Species, target size (nominal vs. actual), moisture | [33, 58, 59, 67, 70, 76-83]
content (drying), visual characteristics (twist, bow,
knots, ring width, checks, wane), applied sorting
criteria

structure of the raw material and have led to a shift towards value-focused processing
rather than yield-based [84].

In order the discuss the subsequent processing steps of green lumber into dried &
planed lumber, Fig. 21.8 gives an overview of typical sawmilling operations and
indicates where by-products occur.

Literature reports an average total dried & planed lumber yield from 9% up to
60% with an average of 46%. The lowest reported dried & planned lumber yield
of 9% [85] i1s based on an assumed distribution of process efficiencies and very
likely reflects only a theoretical worst-case scenario. Similar to round wood volume,
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Dried Sale /
-{>1 Kindrying sawn timber Planing Sorling Packaging Further
storage processing

Fig. 21.8 Typical operations and by-products during sawmilling. Sawn timber can also be replaced
with lumber
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the methods of measuring lumber volume influence the reported process efficiency.
Most commonly, actual dimensions of lumber are used to determine the cubic volume
(Iength x width x height). One exception can be found in North America, where
nominal dimensions are used to calculate board feet (bd. ft.) of lumber [33, 35, 54].
One bd. ft. is defined as a 1-inch (2.54 cm) thick and 12 by 12 in. (30.48 cm) long
board, which would lead to 1 m? being 424 bd. ft. [33]. However, as these nominal
sizes sometimes ignore dimensional changes due to drying and planing of the lumber
actual volume could be as low as 0.66 m? [35]. Besides these variabilities, drying
(6% average drying loss [35, 59, 64, 78, 85-90]), planing (13% average planning
loss [35, 59, 64, 78, 85-93] and sorting [59, 78-83] significantly decreases the final
intermediary yield of the sawmilling process (also see Fig. 21.8).

21.2.3.2 Veneer Peeling

The total green veneer yield ranges from 40% up to 82% with an average of 72%,
showing lower variability compared to sawmilling (see Fig. 21.7). Similarly, techno-
logical advancements increased veneer recovery over the last decade significantly.
The chipless peeling of veneers leads to a generally higher material yield compared
to lumber from sawmilling and similarly veneer yield increases with increasing small
end diameter. However, this requires uniform raw material of preferably high diam-
eter and high quality. In addition, the machine configuration also plays an important
role. Currently, spindleless lathe technology is the state of the art, enabling the log
to be peeled down to a residual diameter of about 25 mm. In comparison, older
literature discusses suitable core diameters to be around 80 mm and above, also
depending on the potential utilisation of the peeler cores for other products (e.g.
poles for fencing) [33]. After peeling, green veneers are usually clipped and dried to
target moisture content as depicted in Fig. 21.9.
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Fig. 21.9 Typical operations and by-products during veneer peeling
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As depicted in Fig. 21.7 total yield of veneer sheets dried ranges from 38% up
to 77% with an average of 57% showing higher variability (Fig. 21.3) compared to
green veneers. As with the sawing process, there are also different ways in which the
veneer volume is determined. The cubic volume is either measured based on actual
dimensions (length x width x thickness) or based on the surface area on an equivalent
thickness basis [35]. For example, a veneer with 1.25 m? and a 1 mm thickness would
equal 0.00125 m?, including a small plus or minus thickness tolerance [33]. As both
methods are based on actual dimensions the variability in reported veneer yield
should be negligible. More importantly, the loss due to clipping is reported [33, 64,
94, 95] to be the most severe factor in decreasing veneer yield. According to findings
by Woodfin [94] as well as Fahey and Woodfin [64] roughly 20% of material is turned
into by-products, whereby the clipped volume (mainly cracked and defective areas)
is significantly influenced by the applied clipping strategy [96]. Final veneer drying
further reduces the overall yield, with the target moisture content ranging from as
low as 2% up to 15% [28]. The lower target moisture content is usually dictated
by the target size [33] and possible bonding conditions for subsequent Laminated
Veneer Lumber (LVL) and Plywood (PLY) production [26].

21.2.3.3 Influence of Wood Species on the First Breakdown

Based on Fig. 21.7, the influence of wood type (coniferous vs. deciduous) is negligible
for the first roundwood breakdown. This underlines the greater influence of the
principal technology on the level of achievable resource efficiency as compared to
the processed wood species. Considering sawmilling and veneer peeling, a key factor
in process efficiency [58, 97] is the optimization of mills to process either coniferous
or deciduous roundwood. This emphasizes the importance of a plannable and steady
supply of comparable roundwood assortments for these industries. Currently, the
smaller share of deciduous wood species processed by the industry (see Fig. 21.5) is
either subjected to a stricter degree of pre-sorting compared to softwoods, with the
non-sawable and non-peelable assortments being either used for wood fuel or pulp
and paper, or is directly felled for these low-added value sectors [22]. Therefore, the
attainable roundwood quality of deciduous trees will be a key issue in the future [98,
99] and could significantly reduce the process efficiency of sawmilling [71] as well
as veneer peeling [97]. Furthermore, a closer look at other process-related factors
like productivity, energy demand, necessary pre-treatment and resulting intermediary
quality is needed to get a full view of the effect of the changing raw material situation.

21.2.4 Typical Sizes of Intermediaries and Finished EWP

At this point, the typical sizes of the intermediaries and finished EWPs will be
presented briefly in order to provide an overview of the achievable dimensions. To
utilise different EWPs in construction, a certain dimensional freedom is required
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to support an array of different building types and designs, while also ensuring the
necessary structural safety. Furthermore, the high degree of prefabrication in the
wood-based construction industry also requires a certain flexibility when it comes
to logistics. Based on currently available literature and building projects, Table 21.2
summarizes the typical sizes of the used intermediaries (sawn timber, peeled veneers,
strands, scrim-mats, particles and fibres) and indicates the typical dimensional ranges
for the finished EWPs.

Looking at the typically beam-shaped EWPs, Glued Laminated Timber (GLT)
currently offers the highest flexibility in regards to the size of the final members. It
ranges from standardized dimensions up to singles beams for timber engineering,
not only covering great spans but also 3D-shaped constructions [121, 122]. Today,
the construction industry can access a wide knowledge-base in regards to design
and manufacturing but also in the field of connectors and logistics (on and off the
construction site) when it comes to GLT. LVL, Parallel Strand Lumber (PSL) and
Laminated Strand Lumber (LSL) on the other hand are predominantly used in stan-
dardised lengths. However, LVL recently gained interest for timber engineering due to
the higher mechanical performance at smaller dimensions [123], while LSL and PSL
are mainly used in North America with standardised dimensions. SCR is currently
not produced on an industrial scale and it has been largely ignored since the last push
to bring a product onto the market in 2003 [118]. However, the scrimber process has
received renewed attention in recent years due to its ability to process small-diameter
and low-quality roundwood [124].

Considering the panel-shaped EWPs, CLT is currently generating the most atten-
tion in the industry as well as research, which has significantly increased its dimen-
sional flexibility while also offering multiple degrees of pre-fabrication. PLY, OSB,
PB and FB are still mainly used with standardized dimensions and rather as one
component of a construction element. However, companies started producing PLY
[111] and OSB [116] as single load bearing element with bigger dimensions and
design flexibility in the recent past. DLT and NLT are currently only manufactured
to a limited extent with standardised dimensions [104, 105, 125]. However, they
have a long history as structural EWP and offer an adhesive-free alternative to the
established EWPs and are comparatively easy to manufacture and recycle.

21.2.5 Further Processing and Finished EWPs

After the first and secondary roundwood breakdown the intermediaries can be either
stored for later use or directly processed into the finished EWPs. Figure 21.10
summarizes the values found in literature on the material yield of different EWPs.
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Fig. 21.10 Material yield [%] of established EWPs based on roundwood under bark (excluding
bark). Yield for GLT, CLT is based on the minimum, maximum, and average process efficiency of
lumber dried & planed (see Fig. 21.7) multiplied by the average further processing loss reported in
the literature. Yield for LVL is based on literature and the minimum, maximum and average process
efficiency of veneer dried & planed (see Fig. 21.7) multiplied by the average further processing
loss reported in the literature. It can be assumed that DLT and NLT either lay in the same range or
slightly above GLT and CLT (data taken from [24] and extended with [126—135])

21.2.5.1 Influence of Wood Species on Material Yield of EWPs

Depending on the EWP (see Fig. 21.10) no or too little literature is available to
provide a general statement regarding the influence of wood species on the final
material yield. Taking a look at the lumber-based products GLT and CLT, there was
no literature on the processing losses of GLT made from deciduous species and the
literature for CLT is primarily based on the same numerical simulation of low-grade
yellow-poplar roundwood [76, 136] reporting a lower yield compared to conifers. In
addition, the losses through pre-sorting and strength grading of the input lumber are
reported to be significantly higher for deciduous [59, 78] than for coniferous species
[79, 80]. In regards to the veneer-based EWPs, a similar statement can be made,
with no literature available on deciduous LVL and little literature on PLY [35, 127],
showing values significantly lower compared to conifers. In addition, total LVL and
PLY includes literature [33, 55, 64, 137, 138] reporting a mixture of both coniferous
as well as deciduous species, exhibiting a higher variability in yield compared to
mere conifers. This indicates that the higher inhomogeneity of deciduous trees also
influences the range of achievable material yields of LVL and PLY. In contrast to the
lumber and veneer-based EWPs, Fig. 21.10 shows a different picture for OSB, with
deciduous OSB having a higher material yield compared to OSB made from conifers.
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In thatregard, results from Feng and Knudson [139] show a significantly higher share
of fines from green pine (15.4%) compared to green aspen (4.1%). This indicates, that
the production of deciduous OSB could result in a generally higher material yield.
Nevertheless, aspen can be considered a low-density deciduous species [140] with
technological properties similar to conifers [141]. Therefore, this statement should
not be transferred to other deciduous species like oak or beech.

In general, most of the reported values either stem from a process that was opti-
mized for the utilized tree species or are the result of an optimization to utilise a new
species. This wide array of investigations underlines the necessity to approach poten-
tial changes in the raw material basket with an open eye in regards to the potential
processing technologies.

21.2.5.2 Glued Laminated Timber (GLT) and Cross Laminated
Timber (CLT)

Taking a look at GLT and CLT, comparable efficiencies can be observed, with total
GLT yield (GLT dimensional or custom in Fig. 21.11) ranging from 7% up to 53%
and an average of 39% and CLT (CLT master-panel in Fig. 21.11) achieving an
average yield of 37% ranging from 7-53%. Overall, the further processing losses of
GLT and CLT are similar within different literature sources. This is a result of both
EWPs having similar processing steps and by-products during manufacturing (see
Fig. 21.11).

For total GLT [142—-145], the average losses during production amount to about
16% in a range of 12—-18% based on timber input. In CLT production [85, 93, 145-
150], roughly 16% of input material is transformed into by-products, ranging from
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Fig. 21.11 Typical operations and by-products during the manufacturing of GLT and CLT
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12% up to 20%. From this, it can be argued that the main reason for the high variability
in yield can be found in the base efficiency of the input timber. In both cases the main
steps causing additional losses are lumber trimming and finger jointing, planing of
the lamellas and joinery 1 in the case of CLT and cosmetics & sanding in the case
of GLT [27, 102]. However, it is important to note that especially planer shavings,
which are a big loss factor [57, 85], are probably counted double in some cases for
GLT as well as CLT as the process may also be started with rough-sawn lumber
[147]. For CL]T, this is countered by the fact that the losses caused by the joinery 2
(e.g. cut-outs for windows and doors) are not yet included. Depending on the end-
use of the panel this could further bring down the final yield significantly. While
floor panels do not require many cut-outs, outer and inner walls require openings
for windows or doors, with the total area of these openings mainly driven by design
aspects as well as building physics (lighting and ventilation) [151, 152].

21.2.5.3 Dowel Laminated Timber (DLT) and Nail Laminated Timber
(NLT)

Currently, no publicly available literature deals with the resource efficiency of DLT
or NLT. Both products are manufactured from dimensional lumber and instead of an
adhesive either wooden dowels (DLT) or nails (NLT) are used to form the finished
EWP (see Fig. 21.4). Depending on the producer the typical processing operations
(Fig. 21.12) start, similar to GLT and CLT, with dried sawn timber which is in some
cases finger jointed before a planing and profiling step to create the final raw lamella.
Therefore, similar by-products to GLT and CLT occur. In the case of DLT, the lamellas
are then laid up to either a beam or a panel (similar to CLT) and holes are drilled for
subsequent dowel insertion. This creates further wood shavings as a by-product. In
the case of NLT, the lamellas are directly laid up and nailed together in a repeating
pattern. The resulting beam or panel is then further processed in a joiner. However, in
the case of NLT, the options for subsequent joining are limited due to the nails within
the material. The final EWP can also move through a final cosmetics and sanding
step before being either stored or sold directly.

Based on these similarities with GLT and CLT it can be assumed that the overall
material yield of DLT and NLT also falls in the same range. More specifically,
the material yield tends to be higher compared to CLT and GLT due to the lower
requirements on the surface quality of the lamellae. Another potential advantage of
DLT and NLT lies in the potential recyclability of beams and panels at the end of
their life-cycle due the absence of hard to dissolve adhesive bonds.

21.2.5.4 Laminated Veneer Lumber (LVL) and Plywood (PLY)

Taking a look at the veneer-based products, LVL and PLY achieve higher average
yields compared to the lumber-based EWPs. Total LVL yield ranges from 27 to 72%
with an average of 52% and an average further processing loss of 9% [137, 153,
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Fig. 21.12 Typical operations and by-products during the manufacturing of DLT and NLT

154]. Total PLY typically achieves an average yield of 52%, in the range of 33—-62%
according to literature. As depicted in Fig. 21.13, the losses from the input green
veneers are caused by waste veneer, lay-up scrap, panel trimming and sanding as
well as material testing [33, 64, 137, 138, 153], with improved material utilization
of roughly 15% compared to the lumber-based EWPs. The higher maximum yield
of LVL compared to PLY could be explained by fewer cross-cuts and fewer surfaces
for sanding as usually thicker billets are produced [155].
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21.2.5.5 Parallel Strand Lumber (PSL)

PSL reaches an average material yield of 64%, ranging from 62 to 65%. Within
the group of veneer-based products, it can be seen as a special case of EWP. In
comparison to LVL and PLY, the production of PSL includes a secondary breakdown
of the veneers into veneer clips (see Fig. 21.14). This enables a higher material yield
compared to LVL and PLY, as veneer pieces that are not a full-width veneer sheet
(roundups, fishtail, etc.) can be utilized [156]. The resulting clips are continuously
feed into a hot press to form an endless beam, which is then formatted to the final
dimensions.

21.2.5.6 Laminated Strand Lumber (LSL)

The material yield of LSL ranges from 55% up to 76%, with an average of 69%.
The lower yield compared to OSB (see next section) is due to the unidirectional
structure over the entire thickness of the material, demanding generally bigger (see
Sect. 21.2.4) and more uniform strands, with high aspect ratios [156]. Therefore, part
of the finer fractions which are usually put in the middle layer of OSB cannot be used
for the homogeneous build-up of LSL beams. Besides these differences, the main
drivers for additional material losses (see Fig. 21.15) are formatting and sanding of
the finished panels and beams [27, 138, 157].

In general, the log stranding process does not require high-quality, mature logs
and is geared towards small-diameter roundwood of lower quality [27]. Therefore,
the process allows for a bigger range in roundwood quality and supports more log
diameters and shapes. The factors influencing strand yield partly differ from the
previous two first disintegration processes. Increasing log moisture content [139]
and ambient temperature [ 158] significantly decreases the produced fines in stranding
and therefore increases strand yield. In regards to machine set-up, the knife angle is
reported [158] to be an important factor influencing the share of fines. In addition,
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the positioning of the logs against the rotating knife using of clamps or pushers partly
dictates the strand geometry and therefore also influences the strand yield [28]. The
fines are normally separated from production and are typically used for the provision
of energy as they reduce the strength of the final board and increase the amount of
adhesive required. Furthermore, strands that do not fulfil the required sizes are also
used for energy, but can also be used for PB.

The final target moisture content of the strands is in the range of 2-5% [27, 28]
usually dried from above fibre saturation [159]. As mentioned previously, this could
further affect the final material yield depending on the reported input and output
unit. This is especially critical when comparing the different processes, as volumetric
shrinkage is usually considered aloss in volume-based lumber and veneer production.
However, as LSL and OSB production is commonly monitored using (dry) weight,
this could lead to inaccuracies when comparing the processes.

21.2.5.7 Oriented Strand Board (OSB)

The average material yield of OSB is 83% and ranges from 66 to 96%. Similar to
LSL, the main drivers for by-products besides the fines from stranding industrial
roundwood are formatting and sanding of the finished panels (see Fig. 21.16). OSB
is typically made of three layers, two unidirectionally oriented surface layers and
one randomly or perpendicularly oriented middle layer. This was inspired by the
orientation of plywood and combines two stiffness-providing surface layers and a



414 M. Pramreiter et al.

| 5
Screening for %"
short strands [ 4
Bark
a
Industrial I’ W d
roundwood Debarking 9 elisirands Drying Screening |-
ety stranding storage
Fines
= -
Dry surface- b?eih d?r?lvif Surface-layer
layer strands ~ |—¥ su rface-!gyer —»|  storage for
storage S, forming 6
: Longitudinal :
- - = Mat forming trir%ming > (Hot) Pressing |-~
11 :
Dry core-layer b?ec:lh d(?:wif Core-layer
strands > core-lager I  storage for
storage sirangs forming
Sawdust Wood dust
; e Storage / .
Formatting & ’ Finished OSB Packaging &
r Conditioning Sanding panel Further Sales
‘ ‘ processing ‘
Trimmings

Fig. 21.16 Typical operations and by-products during the manufacturing of OSB

middle layer which gives additional dimensional stability while also improving shear
stiffness. This allows for a bigger range of strand sizes to be used in the production
compared to LSL, which explains the higher resource efficiency compared to LSL.

21.2.5.8 Scrimber (SCR)

The average material yield of SCR is 86%, ranging from 84 to 90%. These values
are partly based on the company that originally produced SCR under the product
name TimTek® [160]. Based on the available literature, by-products occur during,
the formatting and finishing of the final panels (see Fig. 21.17). Additionally, it
should be mentioned that it can be assumed that there is a certain share of unusable
intermediaries (fines after scrimming and after drying). However, this is not discussed
in the available literature.

As of 2024, SCR is the only EWP discussed here that is not produced on an indus-
trial scale. Nevertheless, the process of splitting small-diameter logs has recently
gained renewed interest and should therefore also be mentioned here. Especially as
it could be one viable way to process the potentially increasing share of non-sawable
and- peelable assortments in the future. Furthermore, it could also be used to add
value to currently undervalued assortments like branches and crown tops, which were
recently found to offer similar technological potential to stem wood [161].
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21.2.5.9 Particle Board (PB)

In comparison to the other processes, the production of PB can be seen as having
the most flexible input raw material and offers a common utilisation strategy for
by-products from sawmilling but also from stranding and possibly also from veneer
peeling.

The average material yield for PB is 76% and ranges from 49% up to 87%.
The lower end of this spectrum should be taken with a grain of salt as this low
value of material yield is not typical for an industrial-scale facility. However, the
reported numbers stem from a facility which utilizes mainly low-quality raw mate-
rials. According to the study [129], the raw material includes branches and wood
from garden pruning, poplar and eucalyptus roundwood, other low-quality deciduous
roundwood, forest firewood and industrial by-products, underlining the raw material
flexibility of this process. Overall, the production of PB leads to by-products during
screening and finishing of the final panel (see Fig. 21.18).

21.2.5.10 Fibre Board (FB)

Completing this comparison of different EWPs, the average material yield for FB
1s 89%, ranging from 75% up to 98%. This also represents the highest poten-
tially achievable resource efficiency of the presented products. However, this, in
turn, requires the highest degree of disintegration of roundwood in order to obtain
single wood fibres or fibre-bundles as intermediaries. This is typically achieved by
combining two major breakdown processes, chipping of roundwood and subsequent
refining of the obtained chips into fibres (see Fig. 21.19).

While this has the potential to yield a 100% useable intermediary material for
FB production, it also requires the highest total primary energy input of all the
processes. With this, the environmental performance, typically evaluated by Life
Cycle Assessment (LCA), as well as the mechanical performance needs to be brought
into the comparison, as resource efficiency alone does not provide the complete
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picture in regards to sustainability of wood-based building materials in a broader
sense.

21.3 Mechanical Performance

The architectural freedom [162] and design phase [163] of a building demands
a certain mechanical capacity of the suitable construction materials [164]. There-
fore, the potential mechanical performance of the different EWPs is another impor-
tant aspect. In addition to the strength, stiffness and long-term behaviour already
discussed in Pramreiter et al. [24], the specific modulus of elasticity (spec. Eg mean)
[GPa/kg/m?] in the main load direction is compared with the material yield in
Fig. 21.20.

It should become clear that the lower material yield of the lumber-(GLT, CLT,
DLT and NLT) and veneer-based (LVL, PLY and PSL) EWPs, can be balanced by the
higher attainable stiffness per kg EWP in contrast to the particle-based products [165,
166]. However, this only covers the serviceability side and one load case (bending) of



417

21 Engineered Wood Products (EWP)—Resource Efficiency ...
| 5 I
By-products
from industry
Bark
4 o I
Industrial Rofining / Two types of
roundwood Debarking Chipping Washing — Pul ing adhesive -
from forest ping application
8]
1t Adhesive 2™ Adhesive
application ~ |— Drying >  application
(blowline) (blowline)
— Mat forming Pre-Pressing (Hot) Pressing |-+
Adhesive
Drying — application
(blender)
Sawdust
4
: i : Storage /
e Lol sang (o FbedF@ [ Pedemt L e
9 pa processing
Trimmings Wood dust

Fig. 21.19 Typical operations and by-products during the manufacturing of FB

0.03
L~ DLT GLT
-,E 002 T 4 1. LVL )
=)
< CLT -, I LSL
& ' - | T i
O + =+
5 CNLT PSL 1 r
:Ei C
ul PLY . -
g 001 Gt \_],__,-'_»?CF‘
& L
T-pB Fe
FT + d
l L
0.00
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Material Yield

Fig. 21.20 Specific mean Modulus of Elasticity (spec. Eomean) [GPa/kg/m’] versus respective
material yield [%]. Based on values in Table 21.3



418 M. Pramreiter et al.

the design process. Therefore, it is highly recommended to also consider section four
in Pramreiter et al. [24] for a more complete picture of the mechanical performance.

21.4 Environmental Performance

The evaluation of the environmental performance of materials and products is a
very complex topic including different possible approaches and indicators [167].
Therefore, the following LCA indicators [168, 169] (functional unit is “1 m? of
the respective EWP)” were selected to provide an overview of the environmental
performance of the established EWPs:

e Released carbon

e Stored carbon

e Net carbon storage potential (difference between “Stored carbon” and “Released
carbon”)

e (Global warming potential (GWP)

e Total primary energy.

21.4.1 Selected LCA Indicators

Considering remarks by Oneil et al. [170] it needs to be mentioned that the presented
values in this section are subject to a certain degree of uncertainty for two main
reasons. First, the values include two allocation principles (economic and mass allo-
cation), with economic allocation usually leading to a higher environmental impact of
the higher-value product [170]. This significantly influences the outcome, as market
prices of the main and co-products can fluctuate greatly over time. Second, the number
of values found in the literature varied greatly between the different products. In the
case of NLT, PSL and SCR no literature could be found and for DLT only values from
one environmental product declaration (EPD) are currently available [171]. A similar
issue is present in regards to LSL, with only one available publication [157]. This
is especially critical when different production regions (e.g. transport distances and
energy mixes) and actuality of the data (e.g. age of the facility) are considered. This
underlines the need to study the environmental performance of EWPs in more detail,
broadening the investigated regions and raw materials. Furthermore, the underlying
LCAs need to be kept up to date much more regularly, as factors like environmental
regulations, energy provision and efficiency, data quality and availability are subject
to more frequent changes than, for example, mechanical performance and can signif-
icantly change the outcome of the assessment. Nevertheless, Table 21.4 summarizes
the values found in the literature for the discussed products.

Overall, one m®> of EWP (cradle-to-gate) offers a net carbon storage potential
of 705 kg CO, equiv. (192 kg C), by temporarily storing 1019 kg CO, equiv.
(277 kg C) and releasing 314 kg CO; equiv. (85 kg C) into the air during production
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(including provision of raw materials). These numbers are in line with assumptions
made by Churkina et al. [1], which underlines the potential of EWPs to decarbonise
the building sector. More specifically, PB (889 kg CO; equiv.), GLT (827 kg CO,
equiv.) and DLT (823 kg CO; equiv.) offer the highest potential of the available
EWPs, followed by LVL (781 kg CO, equiv.), LSL (751 kg CO; equiv.) and CLT
(739 kg CO, equiv.). FB, OSB and PLY complete the available literature with 671 kg
CO; equiv., 576 kg CO; equiv. and 533 kg CO, equiv. respectively. Currently, there
are no values available for PSL and SCR. For material selection, the material with
the highest net carbon storage potential should be selected.

In regards to GWP, the established EWPs, except for FB, show a rather homoge-
nous GWP with an average of 232 kg CO, equiv. per m® material. According to the
available literature [131, 172], the high GWP of FB (487 kg CO, equiv.) is caused
during the manufacturing stage (A3). They don’t give a specific cause for this in the
discussion, but it is safe to say that the heat required for the drying and (hot) pressing
steps as well as the necessary adhesive play a key role. This is also supported by the
total primary energy demand (see Table 21.4). While this value may seem very high,
it corresponds to the general trend that the GWP increases with decreasing size of
the intermediary. In contrary to net carbon storage potential, the goal ought to be
to choose the EWP with the lowest GWP [kg CO, equiv.]. It should be noted here
that GWP is one of the most discussed and accepted indicators in LCA, yet for a
full picture, especially when materials from different processes are compared, all the
evaluated LCA indicators need to be considered.

A closer look at the total primary energy demand [MJ] in Table 21.4 shows a
significant difference on two levels. First, the provision of raw material has a signif-
icant influence on the reported total primary energy. On average, the raw material
supply and transport stages, in LCA are typically referred to as A1 and A2 [168,
169], cause 49% (4037 MJ of 8178 MJ) of the total primary energy demand in
EWPs. For the lumber-based products (GLT, CLT and DLT), these stages represent
66% (3320 MJ of 4997 MJ) of the total primary energy demand. In the veneer-
(LVL and PLY) and strand-based products (OSB), they constitute 51% (3885 MJ of
7577 MJ) and 45% (3614 M1J of 8114 MJ) respectively and they account for 50%
(3585 MJ of 7118 MJ) in PB and 28% (5540 M1J of 20,043 MJ) in FB. Second, the
total primary energy demand for the manufacturing stage, in LCA typically referred
to as A3, significantly increases with decreasing size of the intermediary. This is a
well-known correlation in wood technology [25] and can be explained by the fact
that the disintegration of roundwood into ever smaller intermediaries and the subse-
quent re-assembly to composites typically causes greater expenditure of energy and
requires more energy-intensive auxiliary materials (e.g. synthetic adhesives and hot
pressing instead of pressing at room temperature). It also explains the decreasing
share of total primary energy demand for the provision of raw materials.
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21.4.2 Specific Environmental Performance

Considering the typical functional unit of “1 m*> EWP” and the different densities of
the EWPs, a comparison based on a specific environmental performance similar to
the specific mechanical performance is also of interest. Therefore, Fig. 21.21 shows
the specific net carbon storage potential (Fig. 21.21a), specific GWP (Fig. 21.21b)
and specific total primary energy demand (Fig. 21.21c¢) in relation to the respective
material yield from Sect. 21.2. It needs to be mentioned that the density was taken
from Table 21.3 instead of the respective LCA literature. This was done due to the
fact, that not all references on LCA had a clear description of the corresponding
density of the final product.

Taking a look at Fig. 21.21, an influence of the intermediary size is still visible,
with smaller intermediaries leading to a higher environmental impact. LSL and FB
seem to also have a particularly high total primary energy demand compared to the
other EWPs. In regards to LSL, this high demand is caused by the log storage in
ponds to heat the logs before processing and the subsequent stranding as well as
the drying process. Furthermore, the typical panel thickness of 75 mm and above
requires the use of a steam injection press in order to maintain suitable cycle times.
However, as noted earlier this is only based on one publication [157]. Considering
FB, the high energy demand is caused by the refining and drying process, which
requires significant amounts of energy [126, 131].

21.4.3 A Three-Dimensional Comparison of Established
EWPs

Together with the previous comparisons, it should become even clearer now that
there is no such thing as one ideal EWP but rather a balance of factors that needs to
be achieved. Therefore, the end of this section presents a three-dimensional compar-
ison of established EWPs (see Fig. 21.22). This comparison serves as blueprint for a
material selection process which incorporates the discussed material yield, mechan-
ical performance as well as net carbon storage potential. For future investigations it
should be extended with other mechanical properties, LCA indicators as well as not
yet discussed indicators (e.g. production costs or recyclability) in mind. Especially,
aspects like recyclability and different cost factors might further support a more
balanced material selection. While it might be difficult to discuss the cost factor
using reliable values from industry (not commonly accessible), the aspect of recy-
clability or circularity has gained significant interest in recent years. Therefore, the
last section of this chapter will give a brief comment on the circularity aspects of the
discussed EWPs.
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Table 21.3 Mean modulus of elasticity (Eg mean) and raw density (density at a moisture content of
typically 12-15%) [kg/m>] of established EWPs

EWP Eo. mean [GPa] Raw density [kg/m3]

Min. Avg. Max. Min. Avg. Max.
GLT 8.3 12.3 16.8 370 521 828
CLT 55 9 15 420 532 698
DLT 5.4 7 11.6 425 441 459
NLT 6.9 10.1 13.8 370 446 510
LVL 7 12.7 17.9 440 596 800
PLY 0.5 7.8 14 459 582 680
PSL 42 11.8 15.2 614 727 820
LSL 9 11.7 14.5 673 698 722
OSB 49 59 8.4 600 631 660
SCR 2.1 8.5 15.9 540 826 1063
PB 1.8 32 5 600 670 780
FB 2.7 35 5 600 775 1080

Table 21.4 Selected indicators for the environmental performance of 1 m> EWP

Indicator Unit GLT |CLT |DLT |LVL |PLY |LSL |OSB |PB |FB
Released [kg CO, 104 | 147 155| 212| 374| 295| 429 | 392| 714
carbon equiv.]

(cradle-to-gate) | o 28| 40| 42| 58 102 80| 117| 107 | 195

Stored carbon | [kg CO2 931 | 886 | 978 | 952 | 866 | 1046|1033 |1145| 1334
(cradle-to-gate) | equiv.]

[kg C] 254 | 242 | 262 | 260 | 236 285 | 282 | 312 364
GWP [kg CO2 156 | 139 121 | 303 | 161 295 | 244 | 181 487
(cradle-to-gate) | equiv.]
Total primary | [MJ/m3] 5560 | 4588 | 4844 | 9275 | 5878 — | 8114 | 7118 | 20,043

energy
(cradle-to-gate)

Total primary | [MJ/m?] 1310 | 580 | 1342 (4250 | 3133 | 13,386 | 4473 | 3533 | 14,503
energy
(gate-to-gate)

The numbers represent an average based on literature (taken from [24] and extended with literature
from [126, 128, 131, 133, 138, 171, 172]) dealing with Life Cycle Assessment. In the case of stored
carbon, a molecular weight ratio of 44/12 CO,/C was assumed
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21.5 A Comment on Circularity

Circularity in engineering and architecture has become an important consideration
for sustainable design in recent years [173]. Beyond the initial embodied emissions
in new products, an increased life span and future reuse of building materials and
components can greatly increase the carbon and emission efficiency of new prod-
ucts [174]. Building designs or material systems conceived for an end-of-life scenario
with planned deconstruction or reuse (DfD—Design for Deconstruction) have greater
chances of being reused or recycled in the future. The selection of EWPs for a new
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building design has a large influence on the future resource, process and environ-
mental efficiency of their reuse or recycling, as they all have different potentiasl for
reuse of the raw materials they are made from [175].

Ideally, a building is designed for a longer life cycle than typically provided by
building codes (50-100 years) in order to extend the carbon storage and best utilize
the spent carbon and emissions for the construction of the building. Next, adaptive
reuse of the building can further extend its life cycle, by bringing upgrades that
can serve its new performance requirements (such as structural integrity or thermal
performance) and accommodate for the new use of the space. If the building has to be
taken down, building materials or components can be reused or recycled to feed into
new buildings. Otherwise, the product’s intermediary can be reused in new EWPs as
salvaged intermediary (e.g. salvaged lumber).

As shown in the previous sections, the selection of suitable EWPs balances a few
parameters, such as structural versus environmental performance and material yield.
Circularity and reuse of EWPs are currently less quantifiable and hard to include
in the analysis but predictions are emerging from current research and references
from the past [176, 177]. EWPs made with current adhesive technology might have
a lower potential for efficient reuse of the intermediary when compared to EWPs
assembled with mechanical fasteners like DLT or NLT. Denailing NLT panels or
removing dowels from DLT panels allows for a simple recovery of the product’s
lumber. Glued products, if not reused as a whole component, will need to be resawn
and resurfaced for the production of new EWPs, bringing them back into the same
process flow with associated processing losses. Furthermore, information about the
durability of the performance of glue over many building life cycles has not been
demonstrated. Historical buildings built out of wood demonstrates the durability of
the wood fiber itself, as a long-term structural material, like the Horyu-ji temple in
Nara, Japan that has been in use for the last 1300 years.

These predictions don’t consider future developments in adhesives and disas-
sembly technologies. However, given the increase appeal for wood-based construc-
tion such as mass timber around the world in its current technological state, these
considerations should be weighted in to increase the long-term resources efficiency
of EWPs.

21.6 Concluding Remarks

The widespread application of Engineered Wood Products (EWPs) for not only small
residential but also medium to high rise buildings will be key in order to decarbonize
the global construction sector. The recent completion of ever higher building projects
(see Fig. 21.23) utilizing selected EWPs as one of the main structural components has
already shown the advantages of wood-based products along with existing materials
like steel and concrete.

However, the potential demand for built environments in the future could put
increasing pressure on the world’s forests and may jeopardise the sustainable supply
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of sufficient raw materials. Therefore, the construction industry needs to consider the
full variety of EWPs and incorporate aspects like resource efficiency, environmental
and mechanical performance as well as circularity into their decision process. This
chapter summarized this information and shined a light on the currently occurring
by-products during production and provided base-values for material selection, not
only in construction, but also for other potential applications in the future. It is
important to emphasise here that the comparisons should not be seen as a ranking,
but rather a demonstration of a potential material-first approach to wood as a raw
material and how the by-products of one EWP can be and partly already are the
raw material for another. While there are certain aspects of the wood-based value
chain that need critical discussion and further research, the authors firmly believe
that the shift towards a climate-resilient society requires the sustainably harvested
resources of our forests, which are then carefully handled and utilized in long-lasting
products. After a century characterised by mainly non-renewable building materials
(see Fig. 21.23), the twenty-first century seems to mark the beginning of the age of
wood-based building products.
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