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Abstract: Volatile organic compound (VOC) emissions from indoor sources are large determinants
of the indoor air quality (IAQ) and occupant health. Cross-laminated timber (CLT) is a panelized
engineered wood product often left exposed as an interior surface finish. As a certified structural
building product, CLT is currently exempt from meeting VOC emission limits for composite wood
products and confirming emissions through California Department of Public Health (CDPH) Standard
Method testing. In this study, small chamber testing was conducted to evaluate VOC emissions
from three laboratory-produced CLT samples: One bonded with a new soy-based cold-set adhesive;
a second bonded with a commercially available polyurethane (PUR) adhesive; and the third assembled
without adhesive using dowels. A fourth commercially-produced eight-month-old sample bonded
with melamine formaldehyde (MF) adhesive was also tested. All four samples were produced with
Douglas-fir. The test results for the three laboratory-produced samples demonstrated VOC emissions
compliance with the reference standard. The commercially-produced and aged CLT sample bonded
with MF adhesive did not meet the acceptance criterion for formaldehyde of≤9.0µg/m3. The estimated
indoor air concentration of formaldehyde in an office with the MF sample was 54.4 µg/m3; the results
for the soy, PUR, and dowel samples were all at or below 2.5 µg/m3.

Keywords: cross-laminated timber; adhesives; formaldehyde; polyurethane; soy; IAQ; VOCs

1. Introduction

The effects of the indoor air quality (IAQ) on human health have received an increasing amount
of attention in recent years [1]. Poor IAQ can adversely impact physiological markers of health,
such as respiratory ailments, the risk for allergies, chronic disorders, and cancer, and has been
shown to negatively affect cognition [2–4]. IAQ can be affected by various sources, including
chemicals, gases, volatile organic compounds (VOCs), and biological particulates, such as bacteria,
fungi, and pollen [1,5]. Indoor environments consist of a mix of outdoor and indoor pollutants,
with outdoor pollutants primarily entering through infiltration and mechanical ventilation systems
and indoor pollutants originating from combustion sources, emissions from building materials and
furnishings, and occupants [1,2,6]. IAQ is concerned with the air within buildings, regardless of whether
the pollutant source originates indoors or outdoors; however, as buildings are becoming increasingly
air-tight with better design and construction practices, it is becoming increasingly important to address
indoor sourced pollutants [7,8]. As energy efficient building strategies are becoming commonplace,
a lack of attention to building IAQ can result in those energy efficient building strategies impairing
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IAQ. For example, “outdoor air supply rates may be reduced in order to promote energy efficiency but
without compensatory actions such as source control, this can increase concentration of pollutants
indoors and reduce IAQ” [7,9]. Eliminating or minimizing the number and concentration of toxic
species present in indoor environments is of key importance and a necessary first step towards
preventing their emission. In particular, quantifying the contributions to IAQ from building materials
is required.

IAQ remains largely unregulated around the globe [7]. Indoor air pollutant levels in the U.S. are
typically several times to several hundred times higher than outdoor levels; consequently, indoor air
exposure can account for over 90% of human exposure to pollutants [7,8]. While regulations addressing
IAQ remain relatively sparse, several laws have been passed to curtail emissions from building
materials and products. Proposition 65 in California set out to tackle this problem in 1986, by mitigating
source pollution and requiring businesses to provide warnings about exposure to chemicals that have
been found to cause cancer, birth defects, or reproductive harm, allowing citizens to make informed
decisions about their exposure to these chemicals. This was accompanied by the Proposition 65 list,
which is updated every year and now includes over 900 chemicals [10]. Regarding indoor environments,
formaldehyde and carbon monoxide are the pollutants that have received the most attention in recent
years [11]. Formaldehyde has both carcinogenic [12,13] and neurotoxic effects [14]. Greatly reducing or
eliminating toxic species emitted from indoor sources such as building materials will result in improved
IAQ [7]. Certifications for low-emitting products have become more prolific as governments across
the world have tightened regulations on product emission standards following regulations set by the
California Air Resources Board (CARB). Several regulatory bodies, both domestic and international,
specify various testing standards that can be used to demonstrate compliance for product emissions to
be approved for commercial use [15]. Other agencies look beyond product emissions and regulate
indoor air concentrations of specific VOCs, using, for example, chronic, 8-h, and acute reference
exposure levels. Indoor air concentration levels for formaldehyde are set by varying U.S. agencies
and organizations, such as NIOSH, OEHHA, CDC, LEED, FEMA, CARB, and others. While efforts to
improve IAQ are becoming more common, inadequate understandings of links between pollutant
levels and their effects, both acute and chronic, have resulted in inconsistent guidance and regulations
implemented by governments and agencies worldwide [7].

Cross-laminated timber (CLT) is increasing in popularity in North America due to the aesthetic
and environmental appeal of the panelized engineered wood product [16]. CLT is fabricated with at
least three alternating and orthogonal layers of graded sawn lumber and laminated with a structural
adhesive [17]. Panels are typically bonded under pressure using cold-set adhesives, while thermoset
adhesives used in thinner engineered wood products are far less common due to the difficulty and
expense of using heat to cure the resins in thick CLT panels [18]. Hydraulic or vacuum presses are
the most common, while some manufacturers use radio frequency presses to heat cure resins, such as
melamine-urea-formaldehyde (MUF) [18]. Common adhesives used in the production of CLT include
polyurethane-based adhesives (PUR), which constitute roughly 60% of the global market, and MUF,
with a value of 24%, followed by nails/screws at 9% and other lamination strategies making up the
remainder [18]. Adhesives can vary by manufacturer; however, in the U.S., adhesive formulations
need to be in accordance with the ANSI 405 adhesive standard for use in structural glue-laminated
timber, meaning formulations can vary greatly, as long as they meet varying stress and boil tests
stipulated by the standard [18–20]. Each of the predominant commercial adhesives pose their own
potential health risks. Engineered wood products containing MUF, MF, and other adhesives have
been shown to emit formaldehyde during both production and use [2,21]. Wood itself is known to
naturally emit formaldehyde, and emission levels have been found to increase during its processing,
with procedures that include drying, pressing, and thermal-hydrolysis in the treatment of pulp mill
sludge; however, these emissions remain relatively low by occupational standards, are known to be
impermanent, and rapidly decrease following these procedures [22]. Polyurethane-based materials,
used in many building and furniture applications, potentially expose workers to toxic isocyanate
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compounds during production [23]. In addition, polyurethane-based materials have an elevated fire
toxicity compared to other commonly used building materials, primarily due to a greater emission of
hydrogen cyanide (HCN) [24,25]. Therefore, there are potential health concerns associated with the
use of several commercially available adhesives.

It remains an open question whether a smaller quantity of adhesive used, relative to the amount of
wood in CLT panels, and the overall exposed surface area relative to the space will have a meaningful
effect on IAQ [26]. However, the development of an adhesive free of potentially toxic species would
help to alleviate concerns over deleterious impacts on IAQ. Dr. Kaichang Li’s team, at Oregon State
University, developed a soy-based adhesive for use in thinner wood composite materials such as
plywood [27–30]. The formaldehyde-free adhesive has led to dramatic reductions in emissions of
toxic species during both the production and use of composite wood materials. This soy-based
adhesive is thermoset, as is typical for thin wood composites, while CLT panels are produced using
cold-set adhesives such as PUR or with radio frequency, as is the case with some manufacturers using
MUF [18,31]. Dr. Li’s team has recently modified the soy-based adhesive formulation to make a cold-set
adhesive suitable for the production of CLT panels. A comparative analysis of the emissions from
the newly formulated soy-based adhesive and current commercially available structural adhesives is
necessary to avoid possible unforeseen negative impacts on IAQ resulting from its use.

2. Materials and Methods

To characterize VOC emissions from exposed CLT in an indoor environment, and to compare the
impacts of adhesives used in the fabrication of CLT on IAQ, small-chamber testing at an accredited
facility following a standardized method was employed to test the emissions from four CLT samples
with different bonding types. The IAQ performance of the soy-based cold-set CLT adhesive was
compared to two commercially-used cold-set CLT adhesives compliant with ANSI/APA PRG 320 (PUR
and MF), and to a dowelled CLT sample that used no adhesive [17].

2.1. Test Samples

Four CLT samples were tested. All were from 105 mm thick, three-lamellae (3-lam) panels
produced with Douglas-fir (DF) dimensional lumber sourced and graded (#2, #3) from the same mill.
The outer lamella used #2 DF and the inner lamella was #3 DF, compliant with the minimum grade
lumber required per PRG 320 [17,31]. Three of the CLT samples were cut from 610 mm × 610 mm
laboratory-produced, face-glued, and mechanically cold-pressed panels. One was bonded with a
proprietary soy flour and magnesium oxide (MgO) adhesive developed by Dr. Li at Oregon State
University (Corvallis, OR, USA), a second was bonded with a commercially available one-part
polyurethane adhesive (PUR), and the third was assembled using 19 mm diameter beech dowels
pressed in and using no adhesive.

A fourth sample was cut from a commercially-produced CLT panel that was fabricated
approximately eight months prior to the other samples, and it was bonded with a two-part melamine
formaldehyde (MF) adhesive. Two-part adhesives allow for potential variation in the ratio of the
mixture at application [32], and this ratio can have an impact on formaldehyde emissions from
the finished product due to unreacted formaldehyde in the bonded panels [33]. For this reason,
a commercially-produced sample was essential and selected as most representative of the resultant
VOC emissions from an MF-bonded CLT panel. Collecting a sample from a commercially-produced
panel shortly after production, as was done for the laboratory-produced samples, would have provided
a better comparative result; however, a production panel was unable to be sourced directly from the
manufacturer at the specific time of this research. The adhesive type used in the commercial sample
was confirmed to be MF, by identifying the absence of a C=O bond using Fourier-transform infrared
spectroscopy (FTIR) analysis conducted at the Center for Advanced Materials Characterization in
Oregon (CAMCOR) at the University of Oregon (Eugene, OR, USA).
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All CLT test samples were cut down to 244 mm × 140 mm, with a single joint centered at
each lamella (Figure 1). This proportion, positioning, and sizing of test samples allowed the linear
joint length to board face area ratio to be representative of a much larger surface area of exposed
CLT. It also met the exposed surface area to volume ratio for small-chamber testing, targeting test
criteria representing conditions for a private office. A single outer lamella face area was left exposed
during testing, wrapping all other sides with aluminum foil, and representing one common installed
configuration, where the underside of a CLT floor or roof panel is left exposed as a finished ceiling [34].
Built configurations where more than a single surface in a space is comprised of exposed CLT or
configurations where more than one side of a CLT panel are left exposed are also common; this sample
and testing configuration should be considered a low estimate for those physical conditions with a
greater CLT surface area to air volume ratio experiencing the same air exchange rate.
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Figure 1. (a) Cross-laminated timber (CLT) sample dimensions. (b) Dowelled CLT sample assembled
with four beech dowels. (c) Exposed surface area of samples during the test.

2.2. Testing Laboratory

Berkeley Analytical (Richmond, CA, USA) was selected to conduct small-chamber testing,
as an internationally recognized and accredited facility under ISO/IEC 17020 since 2005 [35].
Berkeley Analytical, which is a 100% independent lab, has offered emissions testing since 1989,
and as an accredited lab, has the authority to issue certificates of standard testing compliance [35,36].
Berkeley Analytical also works closely with the California Department of Public Health and the
California Air Resource Board to make sure that the standards reflect and require the highest level of
testing available [35]. This facility was chosen to provide clear and accurate product emissions data
following standardized testing protocols.

2.3. Small-Chamber Testing

Evaluations of the IAQ impacts of CLT samples were carried out using the protocols outlined
by the California Department of Public Health (CDPH) Standard Method for the Testing and
Evaluation of Volatile Organic Chemical Emissions from Indoor Sources Using Environmental
Chambers Version 1.2 [36]. The CDPH method was selected to obtain a full characterization of
VOC emissions by species from each CLT sample tested and also follows the guidance of ASTM
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Standard D5116-06 and ISO 16000-9:2006 [36]. Under current California regulation, CLT is exempt
from emissions testing as it falls under the classification of ‘structural material’ and does not need to
be regulated as furniture or finishing material [37]. However, designers are regularly leaving CLT
exposed for its aesthetic value, and even materials not exposed to the interior, such as batt insulation,
have been shown to impact IAQ [38]. Evaluating indoor air VOC concentrations that result from
exposed CLT and from CLT with different bonding types is useful for better understanding levels
of compounds such as formaldehyde in CLT buildings and if they are anticipated to remain below
the allowable indoor air concentration of 9 µg/m3 stipulated by the CDPH method and following the
Chronic Reference Exposure Limit (CREL) adopted by the California Office of Environmental Health
Hazard Assessment (Cal EPA/OEHHA) [36,39].

CDPH method test samples are procured as close to the date of production as possible,
individually wrapped in aluminum foil, and sealed before being shipped to the test facility. At the test
facility, samples are rewrapped in aluminum foil, this time exposing a single side of the sample, as it
would be found in situ as an installed building product. Each sample is then placed in a conditioning
environment for ten days, where the airflow, temperature, and humidity are maintained within the
ranges shown in Table 1 and stipulated by California Specification 01350 [36]. At the end of the ten-day
conditioning period, the sample is directly transferred to a small-scale chamber for a four-day testing
period, adhering to more stringent airflow, temperature, and humidity criteria (Table 1). Air samples
are collected from each chamber at 24, 48, and 96 h [36]. The 96-h sample represents emissions 14 days
after a building product is installed, and in general, the earliest a building might be occupied after any
given product installation. The test chamber used was 0.067 m3, with an average inlet gas flow rate of
0.067 m3/h, achieving a loading ratio of 0.5 m2/m3.

Table 1. Small-chamber environmental testing conditions.

Criteria Conditioning Period Test Period

Duration 10 days ± 5 h 4 days ± 2 h
Temperature 23 ◦C ± 2 ◦C 23 ◦C ± 1 ◦C

Relative Humidity 50% ± 10% 50% ± 5%
Air Exchange Rate 2 ACH minimum 1 ACH ± 0.05 ACH

Chemical sampling and analyses followed U.S. EPA Compendium Method TO-17 and ASTM
Standard Method D5197. Individual VOCs were collected in multisorbent tubes containing
Tenax-TA backed by a carbonaceous sorbent, with low molecular weight aldehydes collected on
treated 2,4-dinitrophenylhydrazine (DNPH) cartridges. VOC samples were analyzed using gas
chromatography mass spectrometry (GC/MS), with formaldehyde and acetaldehyde analyzed by
high performance liquid chromatography (HPLC). Formaldehyde and acetaldehyde were quantified
using multi-point calibration curves prepared with pure standards. Other individual VOCs were
also quantified in this manner when a pure standard was available or quantified using toluene as the
calibration reference and based on their total-ion-current response.

2.4. Estimated Indoor Air Concentrations

After testing, the resultant chamber VOC concentrations were used to model estimated indoor
air concentrations by space type [36]. The CDPH method defines typical space type criteria,
including ventilation criteria based on ASHRAE Standard 62.1-2007 Ventilation for Acceptable Indoor Air
Quality. Since the small-chamber test samples were sized such that the resultant chamber concentration
would approximate the estimated indoor air concentration for the modeled scenario of a CLT ceiling
in a private office, estimated indoor air concentrations were modeled and reported for this scenario.
The IAQ modeling parameters are shown in Table 2. The test results are also valid for estimating
indoor concentrations in school classrooms, though these values are not reported in this study.
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Table 2. Indoor air quality (IAQ) concentration modeling scenario parameters.

Parameter Units Office Value

Exposed product area m2 11.1
Room volume m3 30.6

Outdoor air flow rate m3/h 20.7
Area-specific air flow rate m3/m2-h 1.86

3. Results

All VOCs with emissions above the lower limit of quantification (LQ) from the exposed surface of
CLT at the 96-h sampling time point are reported as estimated indoor air concentrations in a private
office with an exposed CLT ceiling, as shown in Table 3. Target VOCs have allowable concentrations
following the CDPH method and are one-half the CREL adopted by Cal EPA/OEHHA, except for
formaldehyde, where the allowable concentration is the full CREL value of 9 µg/m3 [36,39]. Only one
VOC, for one of the four CLT samples, was found to have an estimated indoor air concentration above
the allowable concentration. The aged CLT sample bonded with MF adhesive had an estimated indoor
air concentration for formaldehyde of 54.4 µg/m3.

Table 3. Estimated indoor air concentrations of individual chemical compounds for a private office.

Chemical CAS No.
Estimated Office Indoor Air Concentration (µg/m3) CDPH Method

Allowable Conc. (µg/m3)Dowel Soy PUR MF *

Formaldehyde 50-00-0 2.3 2.5 1.4 54.4 9
Acetaldehyde 75-07-0 7.1 4.5 - 5.0 70

Toluene 108-88-3 2.9 - - - 150
Acetic Acid 64-19-7 30.5 44.7 12.0 9.5 -

2-Propanone (acetone) 67-64-1 12.6 2.8 - 2.3 -
Hexanal 66-25-1 24.5 11.7 4.2 - -
Pentanal 110-62-3 4.1 2.1 - - -

2-Furancarboxaldehyde (furfural) 98-01-1 - 4.6 3.7 3.9 -
(+/−)-alpha-Pinene 80-56-8 862.0 146.4 101.3 71.6 -

beta-Pinene 127-91-3 9.5 4.4 - - -
d-Limonene 5989-27-5 75.3 5.9 - 6.3 -

beta Myrcene 123-35-3 9.0 - - - -
3-Carene 13466-78-9 10.4 - - - -

p-Cymene 99-87-6 15.9 - - - -
alpha-Terpineol 10482-56-1 - 2.3 - 2.4 -

Tricyclene 508-32-7 6.8 - - - -
Camphene 79-92-3 7.4 - - - -

(+)-Camphene 5794-03-6 52.4 - - - -
a-Phellandrene 99-83-2 2.2 - - - -

beta-Phellandrene 555-10-2 2.9 - - - -
Benzene, 1-methyl-2-(1-

methylethyl)-; (o-cymene) 527-84-4 2.2 - - - -

Dehydrosabinene 36262-09-6 4.0 - - - -
Terpinolene 586-62-9 15.5 - - 3.5 -
1-Pentanol 71-41-0 2.4 - - - -

p-(1 propenyl)-toluene 104-46-1 17.7 - - - -
o-Isopropenyltoluene 7399-49-7 29.1 - - - -

Triethylphosphate 78-40-0 2.1 2.1 - - -
Methyl acetate 79-20-9 - - - 23.8 -

2,2,4-Trimethyl-1,3-pentanediol
monoisobutyrate (Texanol) 25265-77-4 - - 2.2 - -

* Melamine formaldehyde (MF) sample commercially-produced and aged eight months prior to testing.

4. Discussion

With CLT currently classified in California as a structural material, and thus being exempt from
VOC emissions regulations, small-chamber testing was used to characterize the IAQ contribution
and benchmark four bonding methods for structural mass timber panels. This is important since
architects often choose to leave CLT exposed as an indoor finish material. Public awareness and
government regulations have been increasing in recent years regarding VOCs in general, and specifically
formaldehyde emissions from building materials, and their impact on IAQ and human health [40].
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Limited data exist for formaldehyde emissions from CLT. The CLT Handbook, which is a popular
industry resource, concludes that there was negligible or zero impact on IAQ from a five-sample study
where all samples were bonded with a polyurethane adhesive [31].

Formaldehyde emissions for the CLT samples bonded with the soy-based adhesive and the
commercially available PUR adhesive were low, with values of 2.5 and 1.4 µg/m3, respectively, and both
were similar to the formaldehyde emissions from the dowel sample at 2.3 µg/m3. The value for
formaldehyde emissions from the CLT sample bonded with MF adhesive was 54.4 µg/m3, which was
significantly higher than the other three samples and six times higher than the CREL of 9 µg/m3 [36].
We estimated that a building constructed with this product would be unlikely to meet the LEED v4 air
testing indoor air concentration maximum for formaldehyde of 33 µg/m3 (27 ppb), or the LEED v4.1
maximum concentration of 20 µg/m3 [41]. With LEED air testing being conducted after construction and
prior to occupancy, it would be anticipated that the measured concentration at that time would be higher
than was measured from the eight-month-old sample tested here [22]. Recommended and permissible
exposure thresholds do vary, and the World Health Organization (WHO) has recommended—for a
long time—a 30-min exposure limit of 100 µg/m3 for formaldehyde to prevent both short-term and
long-term health effects [42]. Individual building products and interior finishes can be certified to aid
in specifying and purchasing low-emitting products, and GREENGUARD Certification is one such
program, with two tiers having different compliance criteria. To meet the GREENGUARD “Certified”
tier for formaldehyde, the maximum allowable predicted concentration is 61.3 µg/m3 (50 ppb), and to
meet the “Gold” tier, the limit aligns with the CDPH method at 9 µg/m3 (7.3 ppb) [43].

These findings, although rare, are not unexpected; in a 2002 study, Funch found a similar result when
comparing the formaldehyde emission rate from a glue-laminated timber (GLT) sample bonded with a
melamine urea formaldehyde (MUF) adhesive to those using other lamination strategies. Air samples
taken at 10 days using small-chamber testing showed that the MUF sample had a formaldehyde
concentration of 69 µg/m3, while the formaldehyde levels from a Phenol-Resorcinol-Formaldehyde
(PRF) adhesive and a nail-laminated timber (NLT) sample were far lower, at 15 and <10 µg/m3,
respectively [44]. Formaldehyde has also been shown to persist in the indoor air of an occupied
building constructed with CLT floor and roof panels, exposed as the finish ceiling, and supported by
GLT columns and beams. Stenson et al. found a 30-min maximum formaldehyde concentration of
37 µg/m3 (30 ppb) in a ventilated and occupied open office space, and up to 77 µg/m3 (63 ppb) in an
adjacent storage room with no mechanical ventilation, both at more than a year after construction [26];
however, explicit source tracking is difficult in occupied buildings.

The dowelled CLT sample had 14 VOCs not identified for the other three samples. Many of these
were measured at levels near the lower limit of quantification (LQ); for example, toluene was reported
at an estimated indoor air concentration of 2.9 µg/m3, far lower than the CREL of 300 µg/m3, or the
allowable concentration of half that value. Additionally, (+/−)-α-pinene is a terpene common to the oils
of conifer trees like DF and was reported to be eight times the average emission rate of the other three
samples; however, no allowable concentration exists for this compound. It is believed that the open
nature of the lamellae in the dowelled sample, without adhesive to inhibit some of the emissions from
the wood, resulted in greater emissions of several common VOCs that do not have a CREL compared
to the other three samples laminated with adhesive. The four beech dowels are also unique to this
sample, and it is possible that this may factor into the overall emissions profile of the dowelled sample,
as different wood species do emit different VOCs [45].

The comparative VOC emissions analysis of CLT samples confirmed that the new soy-based
adhesive performs well with respect to other commercially-used CLT adhesives, particularly for those
VOCs where Cal EPA/OEHHA has adopted a CREL. Formaldehyde, acetaldehyde, and toluene were
VOCs with a CREL identified in this study, and among the limited set of samples tested, the CLT
sample bonded with the PUR adhesive was found to have the lowest concentrations—only emitting
formaldehyde—and at the lowest rate of the samples tested. These small-chamber test results provide
needed data to inform the selection of adhesives used in CLT fabrication and other engineered mass
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timber wood products for use in buildings as exposed interior finish material. Additional test results
are needed to report VOC emissions from additional adhesive types, wood species, the impact of
finishes, and indoor environment criteria to ensure healthy buildings for occupants through IAQ.
CLT with MF adhesives warrant further testing to verify these results and to follow CDPH method
guidelines more closely regarding the timeliness of sample collection and testing after production.

5. Conclusions

Adhesives used in the production of CLT present an important choice when fabricating this
engineered wood product, and an opportunity for improved IAQ and occupant health when sourcing
materials for use as primary and exposed structures in buildings. Some adhesives emit elevated levels
of VOCs that are known to have deleterious impacts on human health, and other adhesives offer a
more benign impact on a building’s occupants through better IAQ.

In this study, VOC emissions from four Douglas-fir CLT samples were evaluated using
small-chamber testing following the protocols of the CDPH method and estimated indoor air
concentrations presented for a private office configuration with an exposed CLT ceiling. With the
increasing popularity of structural mass timber buildings in North America as an alternative to concrete
and steel structural systems, and with these exposed structural elements currently exempt from such
testing requirements, these results are timely. The IAQ performance of a laboratory-produced CLT
sample bonded with a new soy-based cold-set adhesive was compared to a laboratory-produced
sample bonded with a commercially available polyurethane (PUR) adhesive, and to one using no
adhesive and assembled with dowels. A fourth commercially-produced eight-month-old sample
bonded with melamine formaldehyde (MF) adhesive was also tested. The test results for the three
laboratory-produced samples demonstrated VOC emissions compliance with the reference standard.
The commercially-produced, aged CLT sample bonded with MF adhesive did not meet the acceptance
criterion for formaldehyde of ≤9.0 µg/m3. The estimated indoor air concentration of formaldehyde in
an office with the MF sample was 54.4 µg/m3; the results for the soy, PUR, and dowel samples were all
at or below 2.5 µg/m3.

Research is needed to support building design and construction decisions. With the growing
interest in healthy and resilient buildings, and in response to climate change and global carbon emission
reductions, building materials and construction methods are quickly evolving. Buildings account
for 40% of the energy consumption in the U.S. [46], and high-performance envelope strategies and
heating, ventilation, and air conditioning (HVAC) systems often reduce outdoor air exchange rates
in buildings in an effort to reduce energy use. In turn, the VOCs emitted by materials indoors result
in greater concentrations in indoor air than they would have in older, less air-tight buildings [7].
Embodied carbon from building materials and construction accounts for 11% of global greenhouse
gas emissions [47], and the use of CLT in buildings has been touted as a way to sequester carbon and
replace other materials with high carbon emissions during production. CLT also potentially adds a
large source reservoir of VOC emissions that may persist over time in indoor air. These relationships
and interactions between the built environment and materials must be considered and analyzed as
building design and construction methods continue to evolve. Moreover, material VOC testing and
disclosure expectations and requirements are increasing, and it is unlikely that exposed structural CLT
will remain exempt from these standards and regulations, as it clearly contributes to IAQ.
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