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Abstract

At present, cross-laminated timber (CLT) used in the United States is made with
softwood species. With the expanding market for mass timber products, there is
growing interest in understanding the technological, economic, social and environ-
mental viability of CLT manufactured from hardwood lumber. Many states across
the Southeastern United States produce hardwood lumber but demand for hardwood
items has decreased, leading to hardwood production which is now near to record-
low levels. Lower hardwood production impacts forest management and rural com-
munities, thereby creating a need for new opportunities for the use of hardwood
resources. As little is known about the industry’s perception of viability of hard-
wood CLT, this study used key informant interviews of 20 wood industry profes-
sionals, as well as related studies and scientific literature, to shed light on opportu-
nities and barriers related to the viability of hardwood in CLT. The findings show
promise for hardwood CLT in terms of mechanical effectiveness, lumber supply, and
aesthetic appeal. Potential barriers include higher raw material cost, limited aware-
ness, liability, decay, longevity and a lack of established lumber grading, technical
skills, and supporting infrastructure for this use of hardwood lumber. These barriers
will need to be overcome if the inclusion of hardwood in CLT is to occur.

Keywords Mass timber - Cross-laminated timber - Hardwood - Key informant
interviews

Management and Policy Implications Key aspects surrounding the viability of hardwood CLT
include supply and demand, production and manufacturing, construction use and codes, societal
perception and acceptance, as well as environmental and sustainability benefits. By interviewing

20 key informants from the wood industry professionals, this study sheds new light on industry
perception of the viability of hardwood CLT and synthesizes a list of potential opportunities and
barriers for hardwood CLT promotion in the US. Identified key opportunities include mechanical
effectiveness, lumber supply, and aesthetic appeal. Barriers include limited awareness, higher cost,
liability, decay, and longevity, as well as the lack of established lumber grading, technical skills, and
supporting infrastructure. Knowing such opportunities and barriers will be a vital first step toward
the success of the hardwood CLT industry in the United States.
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Introduction

Mass timber products are being considered as a potential building material in
high-rise construction. The most commonly-used structural materials for five
and higher-story buildings are steel and concrete, both of which involve exten-
sive amounts of greenhouse gas (GHG) emissions in the production process (Jun-
nila & Horvath 2003; Brashaw & Bergman 2021; Abed et al. 2022; Kumar et al.
2024). Wood is a potentially sustainable material that, when produced and used
in environmentally conscious ways, shows potential to mitigate GHG emissions
in construction (Brashaw & Bergman 2021; Yadav & Kumar 2021; Abed et al.
2022; Kumar et al. 2024; Nepal et al. 2024). Currently, the number of mass tim-
ber projects in the US is small compared to traditional construction, but is grow-
ing. WoodWorks, a leading non-profit in the wood product sector, reported that
2,205 mass timber projects have been completed as of June 2024 (WoodWorks
2024a, b), which represents almost a 100% increase compared to the 1,114 mass
timber projects reported in March 2021 (SkyCiv Industry 2021).

Mass timber encompasses many products and is defined as composites of smaller
wood elements to form a larger structural component (Cai et al. 2021; Comnick
et al. 2021; Anderson et al. 2024). Cross-laminated timber (CLT) is now approved
for use in tall buildings (Walch et al. 1923, Harpole et al. 1979; Bergman et al. 2010;
Parajuli & Laleicke 2018), and therefore is the focus of this study. CLT consists of
three or more layers of sawn lumber that are placed with wood grains perpendicu-
lar to the adjacent layers and secured with adhesive. These panels can be used for
floors, walls, or ceilings in mid-to-rise building construction (Abdoli et al. 2022).

Softwood lumber is used in CLT manufacturing because its properties are
appropriate for construction purposes, and only softwoods have been available
in large, uniform quantities at affordable prices (Adhikari et al. 2020). Consid-
eration of incorporating hardwood lumber in CLT panel construction has arisen
in wood products research. There is an abundance of hardwood lumber in many
regions of the Eastern US, and its utilization in CLT manufacturing may assist
struggling hardwood markets (Brandeis et al. 2021). Research into the mechanical
effectiveness of hardwood CLT has shown promise (Aicher et al. 2016; Espinoza
& Buehlmann 2018; Adhikari et al. 2020; Palacio-Betancur et al. 2023), but these
studies are generally limited in terms of species considered, region of study, and
small scale of testing, leading to a need for more research and testing. The US
standard for performance for mass timber, including CLT, is the ANSI/APA PRG
320 (which stands for American National Standards Institute/The Engineered
Wood Association Performance-Rated 320). The PRG 320 specifies the tests a
CLT component must pass to be used in building construction (APA 2020). It
is under the PRG 320 that current softwood species such as pine (Pinus spp.),
spruce (Picea spp.), and Douglas fir (Pseudotsuga menziesii),commonly used in
CLT, have been certified. Currently, yellow poplar (Liriodendron tulipifera) is
the only hardwood species listed as pre-qualified under the PRG 320 guidelines
issued in 2025. Potential development of yellow poplar CLT could increase inter-
est in having other hardwood species added to the PRG 320.
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Emerging literature in hardwood mass timber indicates some promising signs.
Mechanical performance is a major factor when considering the potential to use
hardwood lumber in CLT panel construction. Ehrhart and Brandner (2018) made
experimental CLT panels with European poplar, birch, beech, and ash that had roll-
ing shear strength test values greater than those of CLT constructed from Norway
spruce, while ash and beech showed exceptional shear strength compared to other
species. Crovella et al. (2019) found that two hardwood species (i.e., red maple
and ash) met the requirements for CLT construction, while Eastern white pine did
not. Nail and screw withdrawal performance in a CLT panel constructed of poplar
met standard requirements (Abdoli et al. 2022). Other Harwood species such as red
maple and sweetgum have been reported to show the most potential for use in CLT,
as well as a veneer (surface layer) over a structural softwood core in a hybrid panel
construction (Palacio-Betancur et al. 2023). The above-mentioned studies show that
certain hardwood species have the potential to meet, and in some cases exceed, the
structural design requirements for use in CLT panel construction.

The cost of lumber is a primary consideration in CLT production. Hardwood
lumber price is on average two to three times that of comparable softwood lum-
ber (Timber Update 2023). Researchers have attempted to find new ways of low-
ering the cost (Crovella et al. 2019; Azambuja et al. 2022), but more studies will
be needed in the future. Several studies have evaluated low-grade hardwood lum-
ber from species such as poplar, ash, and maple and found that a significant portion
of low-grade boards from some species meet the minimum requirements under the
PRG 320 (Azambuja et al. 2022) or the PRG 320 standards for stiffness and shear
strength (Crovella et al. 2019). Low-value European and Chinese eucalyptus have
also been found to meet structural standards for CLT panel construction (Liao et al.
2017; Ettelaei et al. 2022). Accordingly, the use of smaller-diameter lumber or low-
grade hardwood lumber can significantly lower the cost of CLT panel manufactur-
ing, lessening potential financial constraints.

Despite the promises of hardwood in CLT manufacturing, the market is yet to
develop in the United States. While a few recent studies have assessed the perspec-
tives of CLT manufacturers and other stakeholders (Vlosky et al. 2019a, 2019b,
Adhikari, et al. 2020, Schenk et al. 2022), the focus of these studies has been limited
to softwood. Of note, Espinoza & Buehlmann (2018) specifically focused on hard-
wood and drew valuable insights on its feasibility based on a review of literature on
the manufacturing and use of CLT. Whether and to what extent the stakeholders in
the wood industry themselves perceive the barriers and opportunities, and how the
concerns may be alleviated to promote the manufacturing and use of hardwood CLT,
remain to be explored. A study on industry perception can complement or validate
existing scientific evidence by providing real-world insights into how issues and
opportunities are perceived in practice. To address this gap, the objective of this
study was to examine stakeholders’ attitudes towards the technological, economic,
social, and environmental viability of hardwood CLT production and its adoption
in construction. This was achieved by adopting a qualitative social science inquiry
method involving in-depth interviews of 20 key informants from the wood industry
to identify the potential opportunities for, and barriers to, hardwood use for CLT
manufacturing in the United States.
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Materials and Methods
Key Informants Interviews

A qualitative research method called key informant interview (KII) was adopted
to collect data needed in this study. The KII is an in-depth interview methodology
that gathers perspectives from highly knowledgeable stakeholders (e.g., industry
professionals, researchers, community leaders, or any other person or persons)
who have insight into a research topic. This method typically makes use of fewer
interview participants when compared to other social science methods (e.g., sur-
vey), relying instead on the depth and quality of information provided by the most
informed individuals. This method is commonly used in policy analysis or aiding
other industry decision-making (Crabtree et al. 1999) and has been used widely
to assess perspectives of stakeholders in the forestry sector (Elmendorf & Luloff
2006; Twongyirwe et al. 2018).

The key informants selected for this study were from three groups in the wood
industry: sawmill and lumber yard owners, engineers and architects, and wood
scientists. Sawmill and lumber yard owners were selected for potential feasibil-
ity aspects of production and supply implications. We utilized the member direc-
tory of The National Hardwood Lumber Association (NHLA 2023) and consulted
with our contacts at the Association to identify and verify sawmill and lumber
yards that had been involved in previous wood product research. The NHLA or
any member of it did not actively collaborate in the study. Engineers and archi-
tects were selected based on previous CLT project experience, or involvement in
research around wood utilization in construction. The wood scientists were cho-
sen based on their ongoing or completed research on the novel use of wood prod-
ucts, as indicated by publications, scientific presentations, funded grants, or cor-
porate profiles.

The initial goal of this study was to interview six to eight informants per
group. The number of interviews was chosen with the goal of achieving ‘informa-
tion saturation’. Saturation is defined in a qualitative survey methodology as the
point at which further interviews do not provide any new information (Saunders
et al. 2018). This number can vary depending on the type of study and data being
collected; however, it is typically recommended that a total of 15-35 interviews
be conducted in a KII (Crabtree et al. 1999). The final number of informants after
conducting the interviews was 20, consisting of six sawmill/lumber yard own-
ers, seven engineers and architects, and seven wood scientists. Interviews were
conducted between May and August of 2023. Informed consent was secured from
participants and interviews were conducted over Zoom or by phone, depending
upon the preference of the respondents. The interviews ranged from 45 min to
one hour and consisted of 10 questions in the key informant interview check-
list (Table 1). Recorded interview audio files were transcribed for coding and
analysis.

Sawmill and lumber yard owners were primarily from Tennessee, mainly due to
convenience and ease of communicating and interviewing, but one key informant

@ Springer



Journal of Forestry

Table 1 Questionnaire used for conducting key informant interviews

Question # Key Informant Interview Questionnaire

1 What is your current familiarity with Cross Laminated Timber (CLT)?

2 What are your general thoughts on how CLT may impact the environment, climate, or
forests?

3 How would you describe the scope of hardwood CLT production, utilization, or interest
currently?

4 How do you think (e.g., aesthetic, structural, adding value) hardwood CLT would compare
to softwood CLT?

5 What are ways that consumers may value hardwood CLT (e.g., aesthetic, structural, adding
value) compared to softwood CLT?

6 How do you think a hardwood CLT manufacturing facility would impact (e.g., economic,
societal, environmental) local and state economies?

7 In what ways could legal and structural constraints (e.g., supply of lumber, code standards)
affect the establishment of a CLT mill?

8 In what ways could technical and logistical constraints (e.g., lack of structural grading skills,

drying kiln, dimension lumber) affect the establishment of a hardwood CLT mill?

9 (Question a. if participant is positive/question b. If participant is negative)
a. What needs to be done (e.g., market assurance, capacity building, subsidy, innovation
grant, outreach, and promotion) to make hardwood CLT more successful?
b. Why might hardwood CLT not be successful (e.g., lack of market assurance, capacity
building, subsidy, innovation grant, outreach, and promotion)?

10 Are there any other comments, concerns, or information that you would like to provide that
haven’t been asked in the previous questions?

was from Pennsylvania. Based on our familiarity of the type of facilities, process-
ing capacity and current conditions of the hardwood mills in the hardwood region
of the United States. Nonetheless, caution should be exercised for some potential
regional bias induced by the majority of sawmill owners being from Tennessee.
Criteria for chosen sawmills/lumber yards included size and operational capacity,
familiarity with mass timber and CLT, and participation as suppliers in previ-
ous mass timber or CLT research projects. Familiarity with CLT and participation
were verified by the investigators during the initial contacts/recruitment phase.
Wood scientists, as well as engineers and architects, were located across the US
with emphasis on varied expertise, field of work, and affiliations (e.g., academic
vs corporate). Key informants included university professors, USDA Forest Ser-
vice researchers, and private sector owners/managers of forest product compa-
nies. Familiarity, knowledge, or prior work with mass timber systems or CLT was
required for both wood scientists as well as engineers and architects.

Key Informants Questionnaire
The KII questionnaire consisted of nine main interview questions with the final

question left open-ended. A SWOT (strengths, weaknesses, opportunities, and
threats) framework (Puyt et al. 2023) was followed to develop the questionnaire.
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This framework considered both positive and negative aspects of the potential to
use hardwood in CLT to better guide question generation. The list of key informant
interview questions used for the interviews is listed in Table 1. The list of questions
and interview protocols were reviewed and approved by the University of Tennessee
Institutional Review Board for human subject research (UTK IRB-22-07110-XM).
The KII checklist was used as a guideline and template for consistency across key
informant interviews. Interviews were not held to a rigid time structure to allow key
informants to voluntarily offer additional information according to their expertise
and interest. This was done to enrich the conversation and lead to topics and aspects
that may have been overlooked by the research team.

Data Analysis

Interviews were transcribed, assigned unique identifiers, and transferred into
Dedoose® for analysis. Dedoose® is a program that allows for the coding and analy-
sis of data in qualitative studies (Dedoose 2024). Transcripts were organized into the
three respondent groups: wood scientists (WS), sawmill/lumber yard owners (SL),
and engineer/architect (EA). Each interview was given a numerical identifier (e.g.,
WS1, SL2, EA6) to distinguish quotes and excerpts further on in the analysis process.
Answers were coded based on subject (e.g., lumber supply, aesthetic potential, sup-
porting infrastructure) and further coded as positive, neutral, or negative in respect to
positionality on the given subject. Positive denoted confidence, hopeful, or optimistic
on a given subject or aspect of hardwood CLT. Neutral positionality was denoted as
having no strong positive or negative outlooks, views, or opinions. Negative position-
ality showed pessimistic or cynical outlooks on a given subject or aspect of hardwood
CLT. Answer positionality was used for organization and to ensure differing stances
on each given subject were properly represented. A code co-occurrence analysis was
used to establish connections between KII answers. This was to show potential con-
nections between given subjects and participant stances. Patterns, similarities, and
comparisons between key informant groups are discussed, but no further qualitative
analysis, other than the co-occurrence analysis, was performed.

Results

This section begins with the results of code co-occurrence and then presents
key findings on stakeholder insights by major topics. Overall, key informants
expressed optimism regarding the viability of hardwood cross-laminated timber
(CLT), pointing out its favorable mechanical properties, availability of hardwood
lumber, and distinct aesthetic qualities as key advantages. On the other hand,
they also stressed several challenges that may hinder its broader adoption. These
included the cost disadvantage of hardwood as a raw material, limited industry
and consumer awareness, concerns surrounding legal liability and long-term
durability (including susceptibility to biological degradation), and the absence
of standardized lumber grading systems tailored to hardwood. All of these
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observations imply a noted deficiency in the specialized technical expertise and
infrastructure necessary to support the manufacturing and structural application
of hardwood CLT on a commercial scale.

Code Co-occurrences

Examining key informant co-occurring excerpts on each given topic shows
insight into potentially connected topics. Interview analysis codes by number of
co-occurring responses for each interview are shown in Table 2. Six code co-
occurrences were the highest among all key informants. A co-occurrence with a
high number indicates more key informants connected those two aspects when
discussing hardwood CLT. Positive economic impactX positive environmental
impact and positive hybrid potential X positive aesthetic impact were the codes
that occurred most often together. For example, when asked about the economic
impact of hardwood CLT, a wood scientist connected economic potential to forest
and environmental health as shown below.

WS3: I think it would have a positive (economic) impact... we need to con-
tinually work in our forest to ensure their health. Hardwoods, in particular,
are much more sustainably managed forests (compared to softwood).

Another co-occurring pair was positive hybrid potential and positive aesthetic
impact. A wood scientist discussed how hardwood could be used as a veneer to
improve the aesthetics of a hybrid CLT panel with a pine core.

Table 2 Key informant codes by

’ .. Key Informant Interview Analysis Codes Number of
number of times a position on Co-Oceur-
a given topic was shared with

rences

other topics in a single excerpt

Economic Impact (+) x Environmental Impact (+) 6
Hybrid Potential (+) x Aesthetic Impact (+) 6
Timber Supply (+) x Economic Impact (+) 5
Timber Supply (+) x Environmental Impact (+) 3
Technical Skills (+) x Lumber Grading (+) 3
Technical Skills (-) x Supporting Infrastructure (-) 3
Lumber Grading (+) x Mechanical Effectiveness (+) 2
Lumber Grading (-) x Technical Skills (-) 2
Timber Supply (+) x Supporting Infrastructure (+) 2
Timber Supply (+) x Price (+) 2
Technical Skills (-) x Price (-) 2
Aesthetic Impact (+) x Mechanical Effectiveness (+) 2

(+)=a positive positionality, (-)=a negative positionality, (+)=a
neutral positionality
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WS2: There could be an approach where the structure comes from the SYP
(southern yellow pine) ... If that ends up being something that can convert
CLT into a more palatable aesthetic approach for a wider audience... Then
maybe we have a shot at saying that these (hardwood veneer) additional layers
are valuable because of that aesthetic approach.

These code co-occurrences can shed light on which aspects of hardwood in CLT
were most common for key informants to share across interviews.. Inversely, given
that the highest number for any co-occurrence was six, this indicates that most key
informants had varying perceptions depending on the specific topic and aspect of
hardwood CLT discussed.

Current Knowledge and Skill-related Barriers

A common sentiment shared by key informants was that industry professionals or
the public lacked the knowledge and interest in hardwood use in CLT manufactur-
ing. One engineer/architect informant described hardwood CLT as a niche product
both currently and in terms of hardwood CLT as a future product.

EA3: Hardwood CLT is almost always talked about as a very niche product.
Good in certain cases for its aesthetics, structural performance, thinness tied
to structural performance... there’s some happening, but it’s still really niche.

It was pointed out by multiple informants that specific technical skills will be
needed for the successful inclusion of hardwood in the CLT market. Questions sur-
rounding whether hardwood lumber producers will be willing to change to new mar-
ket demands were a matter of concern to engineers and architects. In particular, they
questioned whether loggers and hardwood sawmills will be willing to change to new
ways of cutting and processing dimensional lumber.

EAS: My question is, are they going to? They have to change something in
their process. To make the input meets specs to make CLT out of it. That’s like
cutting trees at different cross-section dimensions to make lumber structural
grade.

In contrast, some sawmill and lumber yard owners were not concerned about
their industries’ ability to shift to these new requirements.

SL3: It’s all about what the price points are, we’re willing to change... That’s
a new market (Hardwood CLT) for us and may improve our margins for our
products.

In addition, lumber grading of hardwood for structural applications will be an
important challenge for the industry. As a structurally-rated product, CLT is required
to use graded lumber as a raw material. In the case of softwoods, structurally-graded
lumber is the current focus of production, whereas hardwood sawmills produce lum-
ber graded to appearance/usability standards, primarily the NHLA rules. Although
structural grade rules and design values exist for many hardwood species, an
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engineer/architect discussed the lack of graders who are trained to structurally grade
hardwood lumber and how this is a likely hurdle moving forward.

EAI: Softwood lumber graders grade for strength, while hardwood lumber
graders grade for visual grade... there aren’t any graders out there that can
actually grade (hardwood). If you did have it in the code... there would have to
be some training from Extension and workshops.

Likewise, a key informant with expertise in wood science argued that the specif-
ics required for facilities to adjust to supply a hardwood CLT market, technical skills
in particular, are a significant barrier.

WS1: A lot of these facilities do not have personnel or equipment that can
actually scan or visually grade that lumber to a structural standard. So, there
are barriers there, one in technology and equipment, and then human person-
nel.

Legal and Policy Issues

Respondents pointed out several concerns regarding the current legal provisions,
particularly the building codes as they relate to the use of hardwood CLT. An engi-
neer/architect informant shared some optimistic thoughts while also reflecting upon
some complications surrounding building codes, insurance, and performance stand-
ards during one of their projects.

EA3: There’s no code approved... our engineer showed his research on the
structural capabilities of our Tulip poplar CLT to the code official... he said,
“this is performing better than the softwood CLT that’s code approved.” So,
they approved the material for use in our project.

An engineer/architect discussed how yellow poplar was recently added to the
ANSI PRG 320 guidelines. This had already led to one company proposing the con-
struction of a new facility in Virginia.

EA7: The PRG 320, which is the industry standard for CLT, has recently added
yellow poplar... It’s right now in voting... That’s where the industry is at as far
as having a standard. And now you have a company, TimberKraft, looking to
set up the first hardwood CLT plant.

The question of how a future hardwood CLT industry will deal with liability and
insurance was not a specific question asked during the key informant interview pro-
cess. However, it came up several times in multiple interviews, often linked with
discussions around economic feasibility and supporting infrastructure. A sawmill/
lumber yard owner discussed their concerns around the liability of supplying struc-
tural-grade hardwood for use in CLT panel construction.
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SL2: We do not carry any type of builder’s risk or any type of product lia-
bility insurance currently... building failure, what type of liability does that
create for us.... Who would be liable if that CLT failed?

This concern was also discussed by non-sawmill lumber yard owners and a
wood scientist, who indicated the difficulties a hardwood CLT industry may face
due to high insurance costs. They discussed the high price of insurance across the
current mass timber industry.

WS5: Another issue is insurance. The insurance companies are charging
outrageous amounts for construction insurance on a mass timber building...
So, I'm not negative, it’s still really early.

Infrastructure and Timber Resources

Supporting infrastructure will be vital in the successful use of hardwood in the
CLT industry. This aspect was discussed at length by many of the key inform-
ants, and answers ranged from optimistic to pessimistic. One engineer/architect
discussed the small size of hardwood sawmills and how this might bring into
question the ability of a facility to get certified under the ANSI/APA PRG 320
standards.

EA7: If you're going to buy hardwoods for your CLT factory, you might be
dealing with many small mills as opposed to larger ones. That will be a topic
of certification because when the APA certifies a mill, like a CLT factory, a
question they ask is what your resource is and how consistent will the material
be coming from that resource.

A wood scientist discussed the lack of action of hardwood businesses in upgrad-
ing their systems.

WS7: I have a great chance to visit many of the sawmills... ... they haven’t
upgraded their system, their practice, and that is making them non-competitive
in the business.

Besides the supporting infrastructure (e.g., processing facility, technology), the
supply of timber itself is an important aspect of any industry that relies on wood
as its primary component. A wood scientist discussed the decline of hardwood-
lumber-utilizing industries and how this creates an opportunity for lumber resource
availability.

WS6: There’s definitely a resource available for hardwoods... What’s happen-
ing with hardwoods, particularly in the US, is that there’s less being used. So,
there’s more availability of hardwoods for other purposes.

A sawmill/lumber yard owner was less optimistic about whether hardwood sup-
pliers can keep up with demand for hardwood CLT. Capacity and how quickly hard-
wood can ramp up supply may be roadblocks moving forward.
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SL2: We don’t produce as much hardwood as we produce pine... We produce
18 million board feet a year. They (softwood producers) could be producing
that weekly.

Product Characteristics

Many factors internal to the hardwood itself were pointed out by participants
as strengths or weaknesses. Hardwood in CLT is in its beginning stages, and its
mechanical effectiveness is still being questioned. None of the key informants had
strong negative stances on mechanical effectiveness, with most optimistic to hesi-
tantly optimistic. An engineer/architect discussed how hardwood in CLT shows
potential for use in longer spans compared to softwood CLT.

EA3: For commercial use of hardwood CLT, the structural properties
are important, as you can achieve longer spans for the same thickness. It’s
stronger and that’s really important in cities... The greater we can span with
the less thickness, the better hardwood CLT is than softwood CLT.

A wood scientist who had previously been involved with testing hardwood com-
ponent strength properties for construction applications stated that hardwood CLT
could be up to three times stronger than pine CLT.

WS1: Our results for the three hardwood species in compression: all three of
those species were three times stronger than southern yellow pine... And when
you look at the stiffness of the panel going from a three-ply panel to a five-ply
panel, it’s like three-hundred percent stronger... the hardwoods are just expo-
nentially stronger than the pine is.

Concerns around the final cost of a hardwood CLT panel compared to other mass
timber products were also pointed out by several key informants. Specifically, the
cost difference between hardwood and softwood raw lumber material was brought
up as a potential barrier to hardwood use. A sawmill/lumber yard owner discussed
how low-grade lumber may mitigate some of this higher cost component.

SL2: Softwood is always cheaper... You're going to have to figure out a way to
use low-grade hardwood... Your low-grade yellow poplar products are more
in line (price-wise) with the pine product than oak...but prices even for those
lower-grade poplar products are still double.

The potential for hardwood to mechanically outcompete softwood in a CLT panel
was discussed as a way to add value to hardwood CLT. A wood scientist suggested
that this could be achieved by requiring less material to achieve the same structural
capabilities when compared to softwood CLT.

WS4: You can achieve the same mechanical properties with less volume. So
that’s another appealing factor of using hardwoods compared to softwoods.
You can technically say that you will compensate... it costs more (by volume),
but you are using less material.
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In addition, utilizing both hardwood and softwood in a single CLT panel was not
directly asked in the KII checklist but was brought up by many key informants. A
sawmill/lumber yard owner brought up the potential of utilizing appearance grade
hardwoods, such as oak, as a surface layer to increase the aesthetic appeal of a
hybrid CLT panel.

SL5: You could have a combination of the two where you have a pine core, or
a poplar core, but a red oak or white oak face... so that you could use it as
a structural component that’s actually exposed... the oaks would lend them-
selves better appearance wise.

In contrast, an engineer/architect who had done some work with hardwood CLT
discussed some of the challenges they saw when researching previous projects that
had utilized hybrid CLT panel construction.

EA3: (Referring to a previous project) Not all of them were hybrid, but some
of them were hybrid and they performed very poorly. The pavilion had to be
taken down well before it was due to be taken down because of delamination
problems. But that was a really early-stage experiment into hybrid CLT.

However, the same engineer/architect then went on to discuss the positive poten-
tial for hybrid CLT.

EA3: What our team discovered in many different types of hardwood/softwood
layups was that they performed very well structurally. It was about the pro-
cess, the glues used, and the science of it, which wasn’t done properly in the
Columbus project.

Longevity and decay were discussed during key informant interviews, with fire,
moisture, and pest resistance being common aspects. These aspects were often cor-
related and discussed alongside those of softwood CLT. A wood scientist summa-
rized the potential struggles hardwood CLT may face as far as decay and longevity
are concerned.

WS3: You're going to have to figure out how to make it fire resistant, mold
resistant, and also get that high appearance out of it... You look at the cross-
laminated timber manual... there’s not a single chapter on wood durability,
that’s an issue... It’s important that we continually monitor and ensure the
structural integrity of these hardwood CLT buildings.

Key informants were generally positive about fire resistance when discussing
hardwood CLT and the currently in-use softwood CLT products. A wood scientist
who had done testing on wood element burn rates was positive about hardwood
CLT'’s fire resistance. They argued that a hardwood structure likely has a more pre-
dictable fire resistance than that of concrete due to wood’s innate and predictable
fire resistance.

WS5: I am pretty optimistic. Why? Because concrete fails quickly in high
heat... If I put a mass timber product, and there is a fire burning, it will take a
long time to burn. And it will burn at a predictable rate... I can design a two-
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hour fire-resistant building... and within two hours, I can get a person out of a
building.

Outside of mechanical or physical properties, hardwood overall was stated as an
aesthetically pleasing material by key informants. The degree to which aesthetics
play into the equation of hardwood CLT acceptance and market viability was the
primary focus in these discussions. A positive response from a wood scientist dis-
cussed his optimistic outlook surrounding hardwood aesthetics and human percep-
tion of built environments.

WS1: I've seen some really interesting studies over the years with biophilic
properties and how we respond to that. If you look at a hospital setting, or an
office setting, there’s been a good bit of work on people’s moods and feelings
and how they respond positively in a wood environment.

An engineer/architect discussed the importance of aesthetics to architects and end
users and how hardwood may play a positive role in these equations.

EA4: For architects, end users, specifiers, the aesthetics are always going to
be really huge. I definitely think if there is an aesthetic sell, that will be really
large.

Economic Impact

Key informants were generally positive when considering the potential economic
opportunities in establishing a hardwood CLT market. An engineer/architect raised
the potential of a hardwood CLT facility to benefit rural economies.

EA3: We can utilize rural facilities that may have been abandoned or under-
used to house new equipment and train a new workforce to generate a new
economic base... It’s something of high value that rural economies in particu-
lar can market.

A sawmill/lumber yard owner discussed the value in having a local wood
processor.

SL3: I think it would be good. Lots of our communities are pretty distressed; it
could add jobs in the community... We’re always looking for another supplier
for our product... we’d rather ship it locally and make a product domestically.

Future Steps and Recommendations

Key informants were asked to give their opinion on recommendations for the manu-
facturing and promotion of hardwood in CLT. Key informants questioned the viabil-
ity of subsidies and how they may have a negative impact as far as long-term market
health is concerned.
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EAI: Subsidies are always helpful, but I think it’s going to have to be self-sus-
taining... subsidies are very helpful in getting things started, but then if subsi-
dies are given and there’s no profitability after the subsidies go away, then it’s
not really a good strategy.

An engineer/architect discussed the importance of education for the owners,
architects, and engineers.

EAG6: Education is a big deal with this new technology. Educating the owners,
the architects, the engineers.

An engineer/architect discussed the importance of demonstrating the successful
use of low-value hardwood to help reinforce the lessons learned from research.

EA3: It’s important for our region to maximize the use of our low-value forest
resources... There needs to be more demonstration for one, because I think the
research is there proving that structurally it works... We need to test this out in
the real world to verify performance.

Discussion
Barriers for Hardwood CLT

Barriers for hardwood CLT varied from concerns about cost, timber supply, and
demand, to a lack of technical and grading skills. The Code Co-occurrence analysis
showed that technical skills X supporting infrastructure, lumber grading X technical
skills, and technical skills X price were the most often negative connections made
by key informants. Statements connecting negative positions on technical skills and
supporting infrastructure were the most common. This is likely due to both the lack
of technical skills and supporting infrastructure being major barriers stated by key
informants. Negative positions on lumber grading and price being connected to
technical skills likely fall under the same reasoning as supporting infrastructure. The
code connection between negative positions on aspects of hardwood CLT means that
key informants were most likely to share positionality on multiple different aspects
of hardwood CLT. These negative co-occurrences were less common across all
key informants, likely indicating that barriers are less agreed upon than opportuni-
ties. Given that the highest negative co-occurrence was three, this indicates that the
majority of key informants did not share multiple negative opinions with other key
informants. Some insight can be gained by examining the few instances of negative
co-occurrences, however, these results should not be given too much weight when
discussing barriers for hardwood CLT.

The high cost of lumber will likely remain one of the larger barriers to hardwood
usage in CLT. This was generally an agreed-upon position across all key informants.
Lower-cost hardwoods were discussed by several key informants, but no definitive
answers or solutions were agreed upon. Another potential to lower the cost while
keeping the aesthetics of hardwood is in the manufacture of hybrid hardwood and
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softwood CLT panels (Kramer et al. 2014; Aicher et al. 2016; Brunetti et al. 2020;
Sciomenta et al. 2021). Discussion among key informants was generally optimis-
tic about hybrid CLT, with several stating this as the best way to lower costs while
retaining the visual component of hardwood.

The lack of structural lumber grading, lack of technical skills, and supporting
infrastructure wasoften discussed at length by key informants as high barriers for
hardwood in CLT. Most key informants agreed on these barriers, with only a few
stating them to be minor or non-concerning barriers. These barriers focus primarily
on hardwood lumber producers as well as the infrastructure to transport sawn lum-
ber. Specifics included:

e Structural grading is currently not done at hardwood sawmills, as hardwood lum-
ber is graded for visual appearance and non-structural purposes (Cassens 2001).
Once a hardwood species (e.g., yellow poplar) is added to structural guidelines,
sawmills will then need to train and/or hire new personnel who possess the
expertise to structurally grade this lumber

e Common methods for drying hardwood lumber can take weeks to months
(Stelzer 2017, Hiziroglu & Hitch 2017), whereas softwood structural lumber is
routinely dried within a few days.

e Hardwood lumber is cut into random lengths (sometimes) and random widths
(usually), leading to the need to re-cut and trim lumber before inclusion in CLT
and the loss of valuable lumber (Espinoza & Buehlmann 2018; Adhikari et al.
2020).

All of these factors make sourcing hardwood lumber for CLT more challenging.
Key informants felt that these barriers could be overcome, given time and sufficient
sustained demand. It is also of note that these barriers are not novel to hardwood
CLT, with softwood CLT needing to overcome similar barriers previously.

Other barriers such as liability and insurance, decay and longevity, and fire safety
were aspects brought up by key informants. Liability and insurance and decay and
longevity were generally agreed upon barriers across key informants. Fire safety
varied, with some key informants stating it as a major barrier, while others held
the position that it was minor and easily overcome. A handful of studies have per-
formed fire performance on softwood CLT and found positive results (Harte 2017;
Abed et al. 2022). Although these studies were optimistic about softwood CLT’s
fire resistance, more studies will be needed to establish if hardwood CLT shows
the same fire resistance as softwood CLT. No studies have been done thus far on
liability, insurance, decay, or longevity specifically related to hardwood CLT pan-
els, and these topics may be equally applicable to the development of a softwood-
based CLT industry. Many questions surrounding CLT decay and longevity are still
unanswered, and further research is needed (Cappellazzi et al. 2020; Udele et al.
2021). When examining liability and insurance concerns, correlations can be made
by looking at the softwood CLT industry. WoodWorks (20244, b) stated that the two
insurance challenges facing mass timber are builder’s risk insurance and fixed prop-
erty insurance. These insurances cover risks for builders and property owners. This
need for insurance by the lumber suppliers was not pointed out, but it was a common
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concern expressed by the key informants among the sawmill and lumber yard own-
ers’ group in the current study. These barriers are likely not novel to hardwood CLT,
and many of these aspects have been addressed in other closely related industries
such as softwood CLT.

Opportunities for Hardwood CLT

Key informants tended to feel that although hardwood inclusion in CLT will likely
not be a complete solution for declining hardwood markets, any new economic
growth would be a positive. Additionally, the key informants felt that a growing
hardwood CLT market would not negatively impact current forest resources, which
is consistent with research findings (Comnick et al. 2021; Nepal et al. 2021, 2024,
Pasternack et al. 2022). The interviewed sawmill and lumber yard owners often
expressed confidence that their industry could adequately supply a growing hard-
wood CLT market.

The Code Co-occurrence analysis shows what aspects of hardwood CLT key
informants are likely to consider connected. These variables show potential to have
either connected solutions, problems, or compounded positive or negative effects.
If a key informant stated that hardwood CLT will have a positive economic impact
for example, then they were likely to believe that it will have positive environmental
impacts as well. Key informants connected a positive economic impact to positive
environmental implications. This could be due to the potential of hardwood CLT
and carbon storage and its perceived economic benefits, or due to a general view that
hardwood CLT will have both positive economic and environmental impacts. This
analysis did not discover with certainty why positive economic and environmental
impacts were so frequently connected. The questions asked of key informants for
this study were not specific enough, leading to potential for a future study to bet-
ter define why more key informants believe both the positive economic potential
and positive environmental potential of hardwood CLT. The same number of key
informants connected positive hybrid potential and positive aesthetic impact. This
connection was more clearly stated by key informants when compared to positive
economic and environmental impacts. Implementing veneer lamination of hardwood
onto the outside of a softwood CLT panel was the most common answer for why
positive hybrid and aesthetic aspects were connected. Similar to positive hybrid and
aesthetic aspects, positive timber supply and economic impacts were easier to defini-
tively establish across key informants. The most common sentiment was that hard-
wood CLT shows potential to revitalize struggling timber markets, leading to more
economic growth.

Most key informants in this study were optimistic about the mechanical perfor-
mance of hardwood CLT, with only a few stating hesitancies or minor concerns.
Some key informants even stated that they saw potential for hardwood CLT to out-
perform softwood CLT in certain scenarios. This is consistent with literature on the
testing of hardwood CLT, in which most researchers have concluded that hardwood
CLT, including that made from low-grade lumber, performs sufficiently for struc-
tural applications (Ehrhart & Brandner 2018; Crovella et al. 2019; Abdoli et al.
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2022; Azambuja et al. 2022; Palacio-Betancur et al. 2023). It is of note that soft-
wood CLT had to overcome similar aspects during its development, and it will likely
only require further research and time for hardwood CLT to definitely establish its
mechanical effectiveness.

Connected to mechanical effectiveness and performance is the question of code
acceptance. Key informants generally agreed that these aspects are major barriers
and will require time and effort to address. The use of new species in CLT, such
as various hardwoods available in the United States, requires their inclusion in the
ANSI/APA PRG 320 standards for mass timber products (APA 2020). Yellow pop-
lar has been qualified under the most recent iteration of the PRG 320, according
to a key informant involved in the process. Yellow poplar is readily available in
most hardwood markets in sufficient quantities, a likely reason it was the first to
be tested for acceptance under the PRG 320 guidelines. Given the positive testing
results for other hardwood species (Ehrhart & Brandner 2018; Crovella et al. 2019;
Abdoli et al. 2022; Palacio-Betancur et al. 2023), it is likely that more hardwood
species could pass the PRG 320 testing process. Testing and code development are
still in the early stages, and it will likely take years of continued research to deter-
mine the most promising species for CLT manufacturing. Softwood CLT also had to
go through similar hurdles and barriers surrounding code development, and it will
likely require time for codes to develop surrounding hardwood CLT.

Aesthetics and hybrid potential are often interconnected aspects associated with
hardwood inclusion in CLT. Although most key informants were positive about the
aesthetic aspects, they had mixed positions when discussing hybrid potential. Some
key informants stated hybrid potential as one of the largest selling points of hard-
wood CLT, while others were less optimistic. Overall, key informants in this study
indicated aesthetic beauty and appearance of hardwoods in CLT will be an impor-
tant aspect. This aesthetic value may be one of hardwood CLT’s strongest selling
points. In addition, the discussion around the potential of hybrid CLT panel con-
struction implied that utilizing both softwood and hardwood lumber may achieve
these aesthetic values while keeping costs low. This would involve either applying a
hardwood veneer to a softwood CLT panel or replacing the outer layer(s) of a soft-
wood CLT panel with hardwood lumber. Scientific testing into hybrid CLT panel
construction has been optimistic, with some researchers finding greater mechanical
effectiveness when compared to softwood CLT panels (Aicher et al. 2016; Brunetti
et al. 2020; Sciomenta et al. 2021). This is likely a valuable area for new research to
be conducted, as the financial and aesthetic value-adding components show promise.
If wholly hardwood CLT does not succeed in the larger mass timber and CLT mar-
kets, hybrid panels may still succeed.

Even though this study was focused on hardwood and respondents were not asked
to compare it against softwood, emerging literature on wood science and survey-
based studies imply that some of the challenges or barriers identified by the key
informants in the current study are not necessarily unique to hardwoods. For exam-
ple, familiarity with CLT and associated technical skills was found low among the
stakeholders of predominantly softwood regions of the US South (Vloskey et al.
2019) and the awareness and willingness of CLT adoption in end use was found to be
very limited among the engineers and developers across the nation (Laguarda-Mallo
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and Espinoza 2015; 2018). In addition, the issues of liability and insurance as per-
ceived barriers, along with fire resilience and economic benefits as strengths, are
also not associated with hardwood CLT only but are rather equally applicable in
softwood. However, considering that the market for traditional forest products (e.g.,
pulp, newsprint) that has long utilized hardwood biomass is declining in many hard-
wood regions (Poudyal et al. 2017) and the nationwide export of hardwood has also
declined recently (NHLA 2024), utilizing hardwood for CLT may generate larger
marginal benefit to regional economies impacted by such decline.

Nonetheless, the general lack of experience in using hardwoods in structural
applications, relatively small scale and diversity of the hardwood industry, challenge
of sustainable timber supply (mainly in right size and dimensions) (Adhikari et al.
2020), and low price competitiveness (Hassler et al. 2024) of hardwood compared to
softwood are unique disadvantages to the promotion of hardwood CLT. On the other
hand, the prospect of using it in a hybrid panel for structural or aesthetic appeal in
interior structures (Chen et al. 2025), alongside the potential of its production being
an alternative economic engine for rural communities in hardwood regions impacted
by recent closure of traditional forest product companies, are unique aspects of hard-
wood CLT that justify investment in hardwood CLT production.

Conclusions

Key informants in the wood products industry who were interviewed in this study
are generally positive about the potential for including hardwood in CLT. Key
informants were chosen due to their previous work, research, or expertise surround-
ing hardwood CLT and may be more optimistic when compared to the larger indus-
try as a whole. While many of the findings reported in this study were also presented
in non-social science literature on CLT (e.g., Espinoza & Buehlmann 2018), find-
ings from this perception-based study of the informed stakeholders in the industry
reinforce conclusions and indicate convergent validity of the findings reported in
emerging literature on wood science of hardwood CLT. Widespread adoption of a
product like hardwood CLT needs stakeholder buy-in; therefore, these new findings
regarding perceptions and attitudes among stakeholders can be valuable in inform-
ing more targeted, impactful strategies for adoption and promotional communica-
tion within the industry. The code co-occurrence results are particularly valuable
as they give insight into what aspects of hardwood CLT stakeholders feel are most
connected. This can help target areas of promotion and help us better communicate
the opportunities and barriers of hardwood CLT. The similarity in findings from the
current perception-based study with those reported previously in wood science lit-
erature is a notable finding because the industry perceptions regarding hardwood
CLT are generally in line with the findings reported in scientific literature. Any gap
between these would have called for investing in education and outreach to inform
the industry on the scientific findings. Aligned stakeholder perception with the prod-
uct’s actual strengths and weaknesses helps manage expectations, fosters credibility,
and creates a solid foundation for initial adoption and sustained business.
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In addition, by presenting the additional perspectives from knowledgeable
stakeholders in the industry, findings also shed light on the suitability of poten-
tial policy measures (e.g., providing subsidies) promoting hardwood CLT and sug-
gested areas of research needs (e.g., hybrid panels). Key informants emphasized
that the more promising areas for hardwood CLT are its mechanical effectiveness,
potential to alleviate struggling markets, and positive aesthetic attributes. Key
informants generally suggested that educating the public about the potential ben-
efits (e.g., aesthetic, durability, economic benefit) of hardwood CLT products over
traditional products has the potential to enhance hardwood CLT’s marketability
and perception. These promising areas are further showcased with the results of
the code co-occurrence study. These co-occurrences show what aspects of hard-
wood CLT stakeholders are likely to agree upon. Although key informants were
generally positive, they also identified potential barriers that likely remain for
hardwood in CLT. These include high cost of raw lumber material, limited aware-
ness, lack of hardwood structural grading, and limited relevant technical skill in
the industry. The Code co-occurrence analysis showed that several aspects of hard-
wood CLT are likely connected in both positive and negative ways. Although it is
difficult to state definitive results on positionality, these results can help inform
future research and what areas of hardwood CLT are likely interconnected. Key
informants were generally optimistic about these barriers and implied that many
would be overcome given time, research, and sufficient market demand. Key
informants were generally hesitant when discussing subsidies as a general solu-
tion. The recent addition of yellow poplar to the ANSI/APA PRG 320 guidelines
has marked a pivotal first step for hardwood in CLT. While hardwood in CLT
offers potential to add novel use for hardwood lumber, it is likely that hardwood in
CLT will be only a niche component of the greater mass timber market.
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