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Abstract
Building products contain volatile organic compounds (VOCs), which can be emitted into indoor air and result in human exposures in the indoor environment. The emission rate, commonly measured in environmental chambers, is a key parameter to characterize the emission of a chemical of interest from materials in a building. Reference materials with known emission rates can be used to characterize the uncertainty associated with building product emission testing. This chapter describes VOC emission testing and explores the types of reference materials that have been used to validate product emission testing. Detailed descriptions of five types of reference materials are presented, addressing their emission mechanisms, production methods, application protocols, and use in inter-laboratory emission tests. This chapter also describes some of the causes of uncertainty associated with reference materials, emission testing systems, analytical measurement methods and inter-laboratory study procedures.
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Introduction
Airborne emission testing is the quantification of the migration of chemicals from a building material or product into the gas phase. In general, a building material or product is placed in an environment at a controlled temperature, relative humidity, airflow rate and pressure. The gas phase concentration of the chemical of interest is measured after certain conditions are met (e.g., the concentration of the chemical reaches steady state in the controlled environment). Some regulations or product labeling schemes define emission limits from tested materials as steady state gas-phase concentrations (mass per volume) under specified conditions. Under steady-state conditions the emission rate is the mass of chemical (concentration multiplied by the sample volume) emitted during the sampling period. 
Why test material emissions? 
The concentration of most chemicals in indoor air is higher than outdoor air (Weschler 2006). The source of elevated indoor airborne chemical concentrations can be building materials, consumer products, occupants and occupant activities, along with chemical reactions in the air. Quantifying the emissions of chemicals from building materials and consumer products into indoor spaces can increase the accuracy of indoor chemical concentration and exposure modeling.  This improved exposure modeling may provide opportunities to reduce indoor chemical exposures.

There are two primary drivers for airborne emission testing of materials and products. First, some countries set regulatory maximum emission limits for chemicals or classes of chemicals from specific products (e.g., formaldehyde from wood products, Table 1). Second, voluntary product labeling schemes, or product certifications, and industry consensus standards can encourage producers to test products to gain market advantages. Product certification programs can be regulatory or voluntary.
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Table 1. Examples of Emission Regulations
	Country
	Identification
	Regulation Name

	United States (USEPA)
	Title VI TSCA
	Formaldehyde Emission Standards for Composite Wood Products Rule (Title VI of the Toxic Substances Control Act (TSCA))

	United States (CARB)
	CWP ATCM
	Composite Wood Products Airborne Toxic Control Measure (ATCM)

	China
	GB 18580-2017
	Indoor Decorating and Refurbishing Materials—Limit of Formaldehyde Emission of Wood-Based Panels and Finishing Products

	Germany
	ChemVerbotsV
	German Chemicals Prohibition Ordinance 

	France
	Décret n°2011-321
	Labeling of Construction and Decoration Products Regarding VOC Emissions

	Japan
	JIS A 5905
	Fiberboards

	Japan 
	JIS A 5908
	Particleboards



Each regulation or certification label scheme requires a test protocol to determine emission rates from a specific product (Table 2). Many of the test methods have been developed and maintained by non-governmental consensus-based organizations (e.g., the International Organization for Standardization (ISO) and ASTM International). The methods have varying degrees of parameter and measurement specificity (e.g., ASTM guides give information or series of options, while ASTM test methods require specific steps that produce a result). Some methods are specific to a product type (e.g., ANSI/BIFMA M7.1 focuses on furniture). Many methods are based in part on or refer to ISO 16000-9 (Indoor air — Part 9: Determination of the emission of volatile organic compounds from building products and furnishing — Emission test chamber method), e.g. EN 16516. As described below methods can be either static (sealed chamber) or dynamic (flow through chamber).  
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	Test Method ID
	Region
	Type
	Method Name
	Chemicals

	ISO 16000-9
	International
	Dynamic
	Indoor air — Part 9: Determination of the Emission of Volatile Organic Compounds from Building Products and Furnishing — Emission Test Chamber Method
	VOCs

	ISO 16000-10
	International
	Dynamic
	Indoor Air - Part 10: Determination of the Emission of Volatile Organic Compounds From Building Products And Furnishing - Emission Test Cell Method
	VOCs

	ASTM D5116
	US
	Dynamic
	Standard Guide for Small-Scale Environmental Chamber Determinations of Organic Emissions from Indoor Materials/Products
	VOCs

	ASTM D6670
	US
	Dynamic
	Standard Practice for Full-Scale Chamber Determination of Volatile Organic Emissions from Indoor Materials/Products Emission Rate
	VOCs

	ASTM D7706
	US
	Dynamic
	Standard Practice for Rapid Screening of VOC Emissions from Products Using Micro-Scale Chambers
	VOCs

	ASTM D6007
	US
	Dynamic
	Standard Test Method for Determining Formaldehyde Concentrations in Air from Wood Products Using a Small-Scale Chamber
	Formaldehyde

	ASTM E1333
	US
	Dynamic
	Standard Test Method for Determining Formaldehyde Concentrations in Air and Emission Rates from Wood Products Using a Large Chamber
	Formaldehyde

	ASTM D5582
	US
	Static
	Standard Test Method for Determining Formaldehyde Levels from Wood Products Using a Desiccator
	Formaldehyde

	CDPH Standard Method V1.2
	US
	Dynamic
	Standard Method for the Testing & Evaluation of VOC Emissions from Indoor Sources Using Environmental Chambers
	VOCs

	ANSI/BIFMA M7.1
	US
	Dynamic
	Testing for VOC Emissions from Office Furniture and Seating
	VOCs and Formaldehyde 

	UL 2821
	US
	Dynamic
	GREENGUARD Standard for Building Materials, Finishes and Furnishings
	VOCs and Formaldehyde

	EN 16516
	EU
	Dynamic
	Construction Products: Assessment of Release of Dangerous Substances - Determination of Emissions into Indoor Air
	VOCs

	EN 717-1 
	EU
	Dynamic
	Wood-based Panels – Determination of Formaldehyde Release – Formaldehyde Emission by the Chamber Method
	Formaldehyde

	EN 717-3
	EU
	Static
	Wood-based panels – Determination of formaldehyde release –Formaldehyde Release by the Flask Method
	Formaldehyde

	GEV 
	EU
	Dynamic
	GEV – Testing Method Determination of Volatile Organic Compounds for Evaluation of Emissions Controlled Products for Flooring Installation, Adhesives, Construction Products, as well as Lacquers, Finishes and Oils for Parquet, for Mineral Floorings and for Resilient Floorings
	VOCs

	GB/T 17657-2013
	China
	Dynamic
	Test Methods of Evaluating the Properties of Wood-based Panels and Surface Decorated Wood-based Panels
	Formaldehyde

	JIS A 1911: 2015
	Japan
	Dynamic
	Determination of the Emission of Formaldehyde by Building Materials and Building Related Products -- Large Chamber Method
	Formaldehyde

	JIS A 1901: 2015
	Japan
	Dynamic
	Determination of the Emission of Volatile Organic Compounds and Aldehydes by Building Products -- Small Chamber Method
	VOCs

	JIS A 1460
	Japan
	Static
	Determination of the emission of Formaldehyde from Building Boards - Desiccator Method
	Formaldehyde




What chemicals are analyzed in emission testing? 
Emission testing is used to quantify emission of an individual chemical, a group of chemicals or both. Due to regulatory requirements (e.g., USEPA Formaldehyde Emission Standards for Composite Wood Products Rule) formaldehyde is the most often targeted individual chemical for emission testing. Emissions of other volatile organic compounds (VOCs) are often covered by product emission labeling programs. There are many different definitions for VOCs and semi-volatile organic compounds (SVOCs) (ASTM 2017), with definitions using chemical boiling point, vapor pressure and/or retention time on a gas chromatogram (GC) analytical column or combinations of these three. The total emitted mass of VOCs can be quantified in multiple ways: 1) as the sum of individually quantified chemicals within a range of boiling points, vapor pressures and or retention times, or 2) as an approximate quantification of components by integrating peaks using toluene equivalents (Oppl et al. 2020). 
Formaldehyde and other VOC emission rates are quantified by determining the mass of the chemical in the air per time (chemical concentration multiplied by flow rate). The VOC emission rate is often controlled by the chemical diffusion through a material. In contrast, emission rates of SVOCs are usually determined by the convective mass transfer above the surface of the material, which is dependent on airflow rates and SVOC concentrations in the bulk air. Since these two parameters can vary with time, with variations between different chambers and built environments, mass per time emission rates are not useful parameters for quantifying emissions of SVOCs from indoor materials. For SVOCs, a mass transfer approach as described in ASTM D8141 (ASTM 2017) needs to be used to quantify emissions from products indoors. For this reason, there are few SVOC test standards, regulations, labeling programs, or reference materials. The remainder of this document will focus on VOC emission testing (both individual and total) and reference materials.
How does emission testing work?
There are a variety of approaches to measure VOCs emissions from materials. Broadly, they can be broken down into three types: extractor methods, static methods and dynamic methods. 
Extractor or perforator methods directly quantify the amount of chemical present in the product. For example, formaldehyde perforator methods (e.g. EN 120: Wood-based panels; determination of formaldehyde content) involve boiling a wood product sample in toluene to remove formaldehyde (Risholm-Sundman et al. 2007; Roffael, Johnsson, and Engström 2010). The collected formaldehyde is then transferred to water for optical analysis. 
Static methods often involve placing wood products in closed systems in the presence of water at a constant temperature. The formaldehyde migrates through the air phase from the test specimen into the water. After a defined time, the water is analyzed for the presence of formaldehyde. Static methods include flask (EN 717-3) and desiccator methods (JIS A 1460). The relative humidity in these methods is high due to the presence of liquid water in the system. The high humidity may impact the measured emission rate.   
The reference materials reviewed for this document have not been tested using static or extractor methods. Rather, most reference materials to date highlighted in academic publications have been used with dynamic chamber methods. In these methods, a test specimen is placed in a chamber held at a constant temperature and relative humidity. Pre-humidified air is supplied to chamber at a defined airflow rate. The concentration of the chemical(s) of interest is measured in the chamber exhaust air. Some methods are performed at elevated temperatures and/or at a low relative humidity. There is a wide range of dynamic testing methods (Table 2) that vary in requirements; including chamber volume, temperature, relative humidity, air velocity, air change rate, loading rate, exposed edges, pre-chamber conditioning, duration of exposure of the test specimen in the chamber and sample time (Poppendieck and Gong 2020). 
Dynamic Emission Test System Components
Dynamic emission chamber test systems consist of a chamber, a temperature control system, an airflow control system, and a relative humidity control system (Figure 1). In addition, temperature, airflow, pressure and relative humidity are monitored. 
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[bookmark: _Ref468104261]Figure 1:	Example schematic for an emission test system.. 
There is a wide range of chamber sizes used depending on the purpose of the test method. Chamber sizes can vary from 0.00003 m3 for screening emission testing of a portion of a product (ASTM D7706) to 30 m3 for testing a complete product (e.g., full sheet of plywood, ASTM E1333 or ASTM 6670). Smaller chambers can be enclosed in external temperature control systems (e.g. incubators). Larger chambers can have dedicated heating, ventilation and air conditioning systems to control temperature and relative humidity. 
Since dynamic emission chambers use concentration measurements and airflow rates to determine the emitted mass, dynamic chamber systems employ mass flow controllers or mass flow meters to accurately measure the airflow rates. To control relative humidity, many chamber systems smaller than 1 m3 will split the incoming chamber airflow between a dry line and wet line (Figure 1). The wet line is bubbled through water to increase the relative humidity. The two lines are then mixed in a controlled manner prior to entering the chamber to achieve the desired relative humidity. Most dynamic emission methods specify a maximum pressure in the chamber, which can be controlled with the exhaust system. 
Dynamic Emission Testing Variability 
Given the potential for systematic errors (e.g. an incorrectly calibrated temperature probe) to influence the reported emission rates, inter-laboratory (among laboratories) comparison studies can be performed to ensure the accuracy of emission testing systems. The California Composite Wood Products Airborne Toxic Control Measure (ATCM) requires third party emission certification laboratories to participate in inter-laboratory studies for at a minimum of every two years. The uncertainty of measured concentrations or emission rates in dynamic emission testing is a function of three factors: 1) sample variation of the material being tested, 2) the emission testing system and 3) the analytical concentration measurement. 
The analytical concentration measurements have been historically performed in dynamic emission chambers by either trapping the analyte on a sorbent followed by thermal desorption and quantification in a thermal desorption gas chromatograph (TD-GC) or derivatization followed by extraction and analysis with high-performance liquid chromatography (HP-LC) system. The uncertainty associated with these analytical measurements can be determined by conducting inter-laboratory studies using spiked sorbent tubes or extraction liquids. Kirchner (2007) demonstrated that for 10 out of 11 chemicals analyzed on spiked Tenax tubes, the relative standard deviations (RSDs) were less than 4 % (n = 6), demonstrating small analytical uncertainty in inter-laboratory studies is possible 
It is difficult to distinguish emission testing system uncertainty from sample variation and analytical uncertainty. The tested sample (either a building material or designed reference material) can be heterogeneous at the scale tested. In addition, shipping, storage and handling issues can influence the emission rate of a sample. Each emission test system design can also vary. Finally, the airflow rate, temperature, relative humidity, and pressure can all impact the actual concentration in a chamber. These contributions to uncertainty are described in more detail in th section ” Uncertainties in Emission Testing when Using Reference Materials”.
Reference Materials
The development of emission testing reference materials is intended to reduce uncertainty related to sample variation of the material being tested, specifically sample heterogeneity and handling issues. An ideal emission testing reference material emits the target compound at a predictable rate in quantities sufficient for detection and quantification over the required period of time while being independent of age and handling of the material (Cox et al. 2010; Uhde and Aksteiner 2018; ISO 2015).
2.1 Definitions
According to the International Bureau of Weights and Measures (BIPM) international vocabulary of metrology, a reference material is defined as a “material sufficiently homogeneous and stable with reference to specified properties, which has been established to be fit for its intended use in measurement” or in examination of nominal properties (ISO 2015). There are many kinds of reference materials created for specific uses. 
For example, the U.S. National Institute of Standards and Technology (NIST) has six different categories of reference materials that are intended for different specified purposes, e.g., primary standards (PSs), standard reference materials (SRMs), research gas mixtures (RGMs), NIST traceable reference materials (NTRMs), reference materials (RMs) and research-grade test materials (RGTMs) (Beauchamp et al. 2021). The reference values assigned to PSs, SRMs and RGMs are metrologically traceable to internationally recognized higher-order reference systems, e.g. the International System of Units (SI). The reference values assigned to NTRMs are traceable to existing PSs and SRMs. The reference values assigned to RMs are determined following between-method harmonization, within-method precision assessment, and process stability assessment. RGTMs are a subset of the exploratory materials undergoing the first step of development towards reference materials and are prepared to be fit-for-purpose, homogeneous and stable.
Types of reference materials
A certified reference material (CRM) is a reference material that has been characterized by a “metrologically valid procedure” to determine the “associated uncertainty” and includes a statement of metrological traceability (Beauchamp et al. 2021; ISO 2015, 2016). CRMs are metrologically traceable and produced by a responsible reference material producer (ISO 2016). All CRMs are reference materials, but not all reference materials are CRMs. For example, four of the six NIST reference material types are CRMs (PSs, SRMs, RGMs and NTRMs). Reference materials need only to be homogenous, stable and fit for use; they do not need to be traceable. Traditionally, reference materials used for emission testing have not been certified (CRMs) or traceable. 
True values, traceability and consensus approaches
There are multiple means that can be used to establish the mass value emitted from an emission testing reference material. The true mass value is the mass that would be the emitted mass if there was no measurement error (Beauchamp et al. 2021), but the exact true mass value is impossible to measure. CRM certificates report estimates of the true mass value with a specified uncertainty and stated confidence. 
Ideally, measurement results from CRMs are traceable to the SI reference system using two or more independent methods (Beauchamp et al. 2021). This makes the stated CRM reported value method independent. In other words, chamber flow measurements would be directly traceable to the primary and secondary values. A certificate attached to a CRM would account for all uncertainty in that traceability train to estimate the true emission value. 
Alternatively, consensus values can be used to estimate the emitted mass true value for reference materials that are not CRMs through inter-laboratory studies with enough participants (Beauchamp et al. 2021). Reference materials whose true values are estimated via consensus efforts do not need to be traceable. However, consensus values can only be established during inter-laboratory studies that have enough participants. The required number of participants is a function of spread in the results, the data analysis methods, and if a control material was used. To date all emission testing reference materials have used a consensus value to estimate the true value. This means there are no commercial emission testing products that can be used independently of an inter-laboratory study campaign that could be used to evaluate the performance of an emission testing system. Types of emission testing reference materials
To date, there is a limited number of published inter-laboratory studies for the measurement of VOCs emissions from materials in emission test chambers (De Bortoli et al. 1999; Risholm-Sundman et al. 2007; Wilke, Horn, and Jann 2009; Yrieix et al. 2010; Howard-Reed et al. 2011; Wilke, Horn, and Wiegner 2011; Howard-Reed et al. 2014; Horn et al. 2018; Oppl et al. 2020). 
Historically, inter-laboratory studies used building materials samples as the reference material (De Bortoli et al. 1999; Kirchner 2007; Risholm-Sundman et al. 2007; Wilke, Horn, and Jann 2009; Yrieix et al. 2010). For this discussion, building product reference materials are defined as any emission testing material typically used as a building product that has not been spiked with compounds (described in section “Building Product Reference Materials Used in Emission Testing”). More recently, reference materials have been designed specifically for emission testing purposes. These systems (described in Section “Designed Reference Materials Used in Emission Testing”) either spike chemicals of interest into various materials or they emit chemicals of interest from a designed liquid source. 
[bookmark: _Ref70341626]Building Product Reference Materials Used in Emission Testing
Inter-laboratory studies that have used building product reference materials have included carpet, carpet cushion, paint, particleboard, polyvinyl chloride (PVC) flooring, rubber flooring, and sealants. . Summaries of these studies follow.
De Bortoli et al. (1999) conducted an inter-laboratory study with 18 laboratories from 10 European countries. Five VOCs (n-decane, n-undecane, n-dodecane, 2-phenoxy ethanol, n-tridecane) from carpet, eight VOCs (phenol, 2-(2-butoxyethoxy)ethanol, C7 benzene, C8 benzene-1, C8 benzene-2, n-tetradecane, C9 benzene and 2,2,4-trimethyl-1,3-pentanediol diisobutyrate) from PVC cushion and two VOCs (2-(2-ethoxyethoxy)ethanol and Texanol) from paint were evaluated. The RSDs of area specific emission rates for carpet, PVC cushion, and paint ranged from 25 % to 91 %, 27 % to 83 %, and 21 % to 69 % respectively. The intra-laboratory (same lab) variance (range 0 % to 38 %, mean 2.3 % to 10 % depending on the chemical) was smaller than the inter-laboratory variance. Analytical errors, losses of the heaviest compounds due to sorption on the chamber wall and non-homogeneity of the materials were suggested as the main reasons for inter-laboratory discrepancies.
Risholm-Sundman et al. (2007) conducted an inter-laboratory study with six laboratories. Formaldehyde emission from particleboards was tested with three replicate samples in each laboratory. The 16 % variation in inter-laboratory tests was larger than the 6 % intra-laboratory variation. Edge sealing, conditioning of the sample before the test and test temperature were cited as potential reasons for the discrepancies. 
Kirchner (2007) conducted an inter-laboratory study with 11 laboratories. Three VOCs emitted from PVC flooring (cyclohexanone, 2-methoxy-1-methylethylacetate, and diethylene glycol monobutyl ether) and five VOCs from rubber flooring (styrene, cyclohexanone, benzaldehyde, benzothiazole, and 2,6-di-tert-butyl-4-methylphenol) were evaluated. RSDs ranged from 64 % to 87 % for PVC flooring and from 22 % to 43 % for rubber flooring. The variability in the PVC emissions was attributed to damage of the material in packaging for shipping. The intra-laboratory variation for spiked VOCs on sorbent tubes was between 2 % to 10 % for the PVC flooring chemicals and 6 % and 15 % for the rubber flooring chemicals. Hence, the inter-laboratory variation was not limited to the analytical discrepancies.
Wilke, Horn, and Jann (2009) conducted an inter-laboratory study with 37 laboratories from Europe. Seven VOCs (butanol, butyl acetate, dibutylether and butyl acrylate, ethandiol, propanoic acid butyl ester and butanoic acid butyl ester) emitted from a sealant were evaluated. Test chamber volumes ranged between 0.02 m3 and 1.0 m3. RSDs ranged from 17 % to 61 %. The 61 % RSD for ethanediol was attributed to poor adsorption onto Tenax and a poor peak shape influencing quantification with gas chromatography. 
Yrieix et al. (2010) conducted an inter-laboratory study with six European laboratories. Six VOCs (formaldehyde, acetaldehyde, pentanal, hexanal, alpha-pinene, and beta-pinene) emitted from urea-formaldehyde particleboard were measured. RSDs ranged from 17 % to 45 %. The lower RSD for formaldehyde emissions (17 %) compared to other non-aldehyde emissions (27 % to 45 %) was attributed to the higher heterogeneity of natural wood compounds than of the urea formaldehyde resin of the tested product.
Combined these historical studies on building materials indicate that the uncertainty attributed to analytical concentration measurement (Kirchner 2007) and sample variation of the material being tested (Risholm-Sundman et al. 2007) are likely lower than uncertainty related to the emission testing system. However, the range of uncertainty related to emission testing using building materials for inter-laboratory studies (conducted between 1999 and 2010, RSD 16 % to 91 %) indicated that improvements to all three factors impacting emission testing (sample variation of the material being tested, the emission testing system and the analytical concentration measurement) were needed.
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A range of emission testing reference materials have been developed since 2010. Unlike the previously described building product reference materials, these specifically-designed materials either spike chemicals of interest into materials or involve evaporation of the chemicals from a liquid solution. These materials include lacquers, films, molded thermoplastic polyurethane plates, liquid-diffusion-film-emissions systems and temperature-controlled diffusive evaporators.
To use these materials as a reference material in a chamber test, the material is placed inside the chamber under specified temperature, relative humidity and airflow rate conditions. The concentration profile of the target compound in the chamber air is measured after sealing the chamber for a specified duration. For intra-laboratory and inter-laboratory comparisons, material samples of the same batch are used in the different chambers, so that the measured concentration profiles of the target compounds among the different chambers are comparable.
Drying or curing reference material
Examples of drying or curing reference materials have used lacquer or adhesive as the carrier substrate of the target compounds. The reference material is comprised of a Petri dish and a layer of the cured mixture and target compounds (Figure 2). The reference material can be designed for emission of the mixture of several target compounds if the compounds are compatible with the lacquer or adhesive solvent and form a uniform mixture.
Nohr et al. (2014; 2014) prepared lacquer reference materials using the following steps:
1) The selected lacquer product is decanted into a screw-cap bottle to serve as the carrier substrate of the reference material.
2) Defined amounts of the target compounds in pure liquid form are added to the lacquer using gas-tight syringes. The lacquer is stirred magnetically to form the mixture. The compounds existing in the solid form under room temperatures, such as lindane, are dissolved in methanol before being added to the lacquer. 
3) The bottle is then sealed. The mixture of the lacquer and the target compounds is agitated for 1 h to ensure a mixed solution.
4) Based on the expected emission rates of the target compounds, specified amounts of the lacquer mixture are spread on Petri dishes. 
5) After the preparation of a batch, the Petri dishes are immediately placed into an environmental controlled chamber for 1 day to 3 days for the lacquer mixture to cure.
6) Then the Petri dishes are capped, moved out of the environmental chamber, sealed with aluminum-coated polyethylene composite foils, and shipped to users.
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[bookmark: _Ref53132303]Figure 2.	Photo of a batch of lacquer reference materials. Used with permission from Bundesanstalt für Materialforschung und -prüfung, Berlin (BAM).
Since lacquer or adhesive is used as the carrier substrate of the reference material and also emits certain solvents, the selected lacquer should account for the following requirements. 
(1) The target compounds of the reference material should not be contained in the original lacquer or adhesive. This ensures that the emission rates of the target compounds are designable and controllable. 
(2) The signals of the solvents emitted from the lacquer or adhesive should not overlap with the signals of the target compounds for the analytical system. This ensures quantification of the target compounds. 
(3) The lacquer or adhesive should have low emission rates of solvents. This ensures that the analytical system is not overloaded, and the signals of the solvents do not mask the signals of the target compounds. 
Nohr, Horn, Wiegner, et al. (2014) examined 12 lacquers for use as a reference materials (6 acrylic-based and 6 alkyd-based) made by the same manufacturer and purchased from the same local building supply store. The acrylic lacquers contained water, a dispersion of acrylate and polyurethane, glycols, additives, preservatives (methyl-, benzyl- and chlor-isothiazolinone) and pigments (for colored lacquers). The alkyd lacquers contained alkyd resin, additives, white spirit and pigments (for colored lacquers). The lacquers were mixed with the target compounds following the preparation protocols of the lacquer reference materials listed above. After being cured, the samples were placed in an environmental chamber. Solvents were detected in the air of the chambers loaded with the alkyd lacquers. The signals of the alkyd lacquers masked the signals of some target compounds, such as n-methyl-α-pyrrolidone and 2-ethyl-1-hexanol. The high solvent concentrations remained in the chambers for more than three days, and the high solvent signals resulted in significant carryover in the analytical system. Compared to the alkyd lacquers, the acrylic lacquers had lower emission rates of solvents, which allowed the emission rate profiles of the target compounds to be more accurately quantified. 
For intra-laboratory and inter-laboratory measurements, the chamber air should be sampled at a specific time after loading the reference materials into the environment chambers to reduce the measurement errors associated with the emission rate decay of the reference materials. Moreover, to ensure homogeneity of the material samples, the sample preparation requires large chamber capacities for curing the liquid lacquer mixture of the same batch at the same time.
Film reference material
Film reference materials use a solid film as substrate, and the target compound is absorbed into the film (Figure 3). The reference material is designed for single-compound emission to avoid competitive diffusion and absorption of multiple compounds in the diffusion film.
The reference material samples can be prepared by the following steps (Howard-Reed et al. 2011; Howard-Reed et al. 2014; Liu et al. 2014; Cox et al. 2010; Liu et al. 2013) :
1) A single film sheet is cut into a batch of film samples with the same size.
2) The film samples are placed in loading vessels. Each film is exposed on both sides to the air in the vessel. The air outlet of the last vessel is connected to a microbalance system. A film sample is hanging inside the microbalance system to monitor its mass during the loading process.
3) According to the mass of the target compound expected to be loaded in each film, the gas-phase target compound at a certain concentration is passed continuously through the vessels and the microbalance system. 
4) The mass increase of the single film inside the microbalance is monitored continuously until it reaches steady state. It is assumed the films in vessels upstream of the microbalance are at the same steady state value. The loading of the target compound is then complete.
5) The film samples are taken out of the vessels, sealed, packed, and are ready to be shipped to the users.

[image: ] [image: ]   
[bookmark: _Ref53496887]Figure 3.	Film reference material in loading vessel and last film attached to a microbalance.

The emission rate of the reference material depends on the mass of the target compound absorbed in the film and the material properties of the film. The important material properties include thickness, surface area and the diffusion and partition coefficients of the film. After loading the reference material with the target compound and placing it in a clean environmental chamber, the concentration profile of the target compound in the chamber air should be similar to that generated by a typical homogenous dry building material.
Significant variation in the emission rate among different material samples of the same batch has been observed after loading. This suggests that loading optimization is needed for the film reference material to improve the measurement reproducibility of its emission rate.
For emission of toluene, a polymethyl pentene (PMP) polymer film (Figure 3) was selected as a substrate (Cox et al. 2010). The PMP film doesn’t contain organic additives such as plasticizers or stabilizers that could complicate emission rates. For emission of formaldehyde, the PMP film and a polycarbonate (PC) film were both evaluated in terms of their absorption and desorption properties. Since PC is polar and PMP is non-polar, the PC film had a much greater formaldehyde solubility than the PMP film (Liu et al. 2013). 
The emission rate of the target compound from the reference material and the concentration of the compound in the chamber air can be well-characterized by the mechanistic emission model (Cox et al. 2010). The model considers the reference material as a single-layer porous material with a uniform initial concentration of the target compound. This model is frequently used to characterize the emission of VOCs from dry surface materials. Therefore, the emission profile of the film reference material should be representative of that of dry surface materials. 
TPU reference material
Thermoplastic polyurethane (TPU) reference materials use molded TPU plates as substrates. The target compounds are impregnated into the TPU plates using high pressure liquid carbon dioxide (CO2, Figure 4). The reference material can be designed for emission of the mixture of several target compounds.  A uniform mixture of the target compounds and liquid CO2 can be injected into the TPU plates.
The TPU reference material samples can be prepared by the following steps (Richter et al. 2017): 
1) A batch of molded TPU plates with designed dimensions are produced. The TPU samples are then stored in a dehydrator for 24 h.
2) The TPU samples masses are measured and placed in a high-pressure view cell. After sealing the cell, certain amounts of the target compounds are injected into the cell using syringes.
3) Liquid CO2 is added to the cell using a regulating valve until the liquid CO2 and the target compounds combine into one phase. This typically occurs above a pressure of 60 bar and at a temperature of 20 °C.
4) The high pressure is maintained in the cell for a designated time to allow the target compounds to permeate the TPU plates. A magnetic stirrer is used inside the cell to increase the mass transport during the permeation process.
5) The chamber is then slowly depressurized to allow the CO2 to leave the TPU samples.
6) The TPU samples are stored in a dehydrator for 4 h, then shrink-wrapped in aluminum coated polyethylene foil.

[image: ]
[bookmark: _Ref53579297]Figure 4.	Schematic of the TPU reference material. Used with permission from Bundesanstalt für Materialforschung und -prüfung, Berlin (BAM)
The emission test of a TPU reference material impregnated with styrene measured in an environmental chamber for 25 days showed that the emission rate of the styrene reference material decreased with time (Richter et al. 2017). Significant variation in the emission rate among different material samples of the same batch was observed within 10 days after their fabrication. This suggests that sample storage and hominization may be needed for the TPU reference material to improve the measurement reproducibility of its emission rate. Moreover, studies of the emission mechanism of the TPU reference material are also needed. An emission mechanism study will allow a better understanding of the emission characteristics of the reference material and determining the theoretical emission rates for future development.
LiFE reference material
A liquid diffusion-film-emission (LiFE) reference material is comprised of a polytetrafluoroethylene (PTFE) or stainless-steel bottle containing pure liquid VOC as the emission source, a thin diffusion film to cover the opening of the bottle to control the emission rate and fastening pieces to hold the bottle and film in place (Figure 5). The bottle and all the fastening pieces are made of PTFE or stainless steel. Due to low diffusivity of VOCs through PTFE and stainless steel, VOC diffusion through the bottle container can be neglected compared to that through the diffusion film at room temperatures (Wei, Greer, et al. 2012; Wei, Zhang, et al. 2012; Wei et al. 2013; Poppendieck, Li, and Chen 2018). 
The reference material is designed for single-compound emission to avoid competitive diffusion and adsorption of multiple compounds in the diffusion film. The film material is chosen based on the properties of the chemical. An aluminum oxide melamine-impregnated paper was selected to be the diffusion film for the toluene reference material (Wei, Greer, et al. 2012; Wei, Zhang, et al. 2012; Wei et al. 2013), and a polydimethylsiloxane film was selected to be the diffusion film for the formaldehyde reference material (Wei et al. 2013).
The reference material samples can be prepared by the following steps (Wei, Greer, et al. 2012; Wei, Zhang, et al. 2012; Wei et al. 2013). 
1) Based on the expected emission rate of the target compound, and the diffusion and partition coefficients of the selected diffusion film, the diameter of the film is calculated, and the bottle and fastening pieces are chosen according to the size of the diffusion film.
2) The target compound in liquid form is placed into the bottle. Pure VOC liquid at room temperatures is used as the emission source of the reference material. Formaldehyde exists in the gas phase under room temperatures; thus, formalin solution (formaldehyde in water) is used as the emission source.
3) The diffusion film is then fixed on top of the bottle using fastening pieces. These can include screws, stainless steel frits, and o-rings. 
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[bookmark: _Ref53152270]Figure 5.	LiFE reference material assembly and components. Photo Credit Dan Greb, 2021

During the use of the reference material, the concentration of the target compound at the lower surface of the diffusion film is its saturation concentration. Volatile compounds, such as formaldehyde, benzene and toluene, can diffuse through the film within a few hours (Wei, Greer, et al. 2012; Wei, Zhang, et al. 2012; Poppendieck, Li, and Chen 2018; Wei et al. 2013). The reference material has a constant emission rate of the target compound under constant temperature and relative humidity. The emission rate of the reference material should be representative of the emission levels of building materials. To reach a desired emission rate, the diameter of the film increases with decreasing diffusion coefficient of the film. Therefore, the mass transfer and geometric parameters of the film need to be optimized. Reference materials with large diameters may be difficult to load in small environmental chambers. Reference materials with small diameters may have higher uncertainties in the emission rate. 
The constant emission rate can be described as a function of the diffusion and partition coefficients as well as the diameter and thickness of the film. Figure 6 shows the geometry-diffusion relation of the film for different emission levels. The zone in the dashed line is optimized with regards to the mass transfer and geometric parameters. 
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[bookmark: _Ref53403490]Figure 6. Geometry-diffusion relation of the diffusion film (A: surface area, L: thickness, Dm: diffussion coefficient, K: partition coefficient) (Wei, Zhang, et al. 2012)

The variability in LiFE reference materials is directly tied to the film. Film thickness, flatness, seals and handling of films can all lead to varying emission rates from otherwise identical LiFE bottles. Films specifically produced for uniform thickness, placed between stainless steel frits, and held together with a constant pressure using o-rings have been employed to reduce variability between LiFE reference materials (Poppendieck, Li, and Chen 2018).
Temperature controlled diffusive evaporator
The temperature controlled diffusive evaporator reference material is comprised of a stainless steel bottle containing pure liquid VOC as the emission source, a thin diffusive capillary acting as an emission restrictor, and a temperature control system to heat the bottle to a set temperature (Figure 7) (Uhde and Aksteiner 2018). The battery-powered, electronic control system is contained within the sealed bottle. The reference material allows for multiple-compound emission depending on the liquid reservoir. The bottle is sized so ampules of liquid source fluid can be directly placed within the bottle. The temperature of the bottle can be adjusted from 30 °C to 55 °C. 
The reference material samples can be prepared by the following steps (Uhde and Aksteiner 2018). 
1) The target compound in liquid form is placed into the bottle.
2) Based on the volatility of the target compound the bottle temperature is set. 
3) The bottle is sealed and place in the chamber. 
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[bookmark: _Ref62310880][bookmark: _Hlk85731166]Figure 7. Diagram of Temperature controlled diffusive evaporator (Illustration and Photo used with permission from creator Erik Uhde).
The elevated temperature of the system allows the quantification of less volatile chemicals like dodecane. Long-term performance and inter-laboratory tests have not been performed on temperature controlled diffusive evaporator reference materials. 
Inter-laboratory proficiency testing studies of reference materials

Between 2009 and 2018 a total of eight inter-laboratory studies using designed reference materials were reported in the literature (Table 3). These studies used films, lacquer, adhesives and LiFE reference materials with 4 to 55 participating laboratories. A variety of chamber sizes, analyses, and chamber methods were used. Reported RSDs quantify the combined uncertainty from: 1) sample variation of the material being tested, 2) the emission testing system, 3) the analytical concentration measurement, and 4) procedure variability. 
[bookmark: _Ref58861292][bookmark: _Ref71114014]Table 3. Summary of inter-laboratory studies of designed reference materials for chamber testing of chemical emissions
	Reference
	Test Year
	Test material
	Chemicals
	Chamber method
	Chamber 
	Inter-laboratory  RSDs

	Howard-Reed et al. (2011)
	2009
	film
	Toluene
	ASTM 5116
	0.05 m³ to 0.086 m³
	9 % to 15 % (n=4)

	Howard-Reed et al. (2014)
	2012
	film
	Toluene
	ASTM 5116
	0.024 m³ to 0.12 m³
0.225 m³ to 1.0 m³
	19 % to 23 % (n=10)
55 % to 57 % (n = 4)

	Wilke, Horn, and Wiegner (2011)
	2009
	lacquer
	9 VOCs (styrene, diethyl glycol dimethyl ether, phenol, limonene, tridecane, benzene, hexanal, diethyl phthalate and D4-siloxane)
	ISO 16000-9
	N = 32 < 0.1 m³
0.1 m³ < n = 34  < 1 m³
N = 34 > 1 m³
	28 % to 69 % (n=37)

	Horn et al. (2018)
	2014
	lacquer
	9 VOCs (hexanal, styrene, n‐decane, limonene, 2‐ethyl‐1‐hexanol, N‐methyl‐α‐pyrrolidone, 2‐ethylhexyl acrylate, dimethyl phthalate, and n‐hexadecane)
	ISO 16000-9
	0.02 m³ to 3 m³
	29 % to 63 % (n = 55)

	Wilke et al. (2021)
	2016
	lacquer
	8 VOCs (Butyl acetate, Styrene, Decane, 1,3,5-Trimethylbenzene, 3-Carene, Dodecane, Texanol, 2-Propoxyethanol)
	ISO 16000-9
	n = 13 < 0.1 m³
0.1 m³ < n = 51 < 1 m³
n = 36 > 1 m³
	22 % to 48 % (n = 49)

	Oppl et al. (2020)
	2017
	adhesive and
lacquer
	7 VOCs (2-Ethyl-1-hexanol, Acetic acid, 1-Butanol, Propylene glycol, Triethylamine, Dipropylene glycol mono methyl ether, and Butylhydroxy- toluol
	GEV /EN 16516
	——
	30 % to 41 % (n=33); 
21 % - 64 % (n=25)

	Wilke et al. (2021)
	2018
	lacquer
	12 VOCs (Styrene, Toluene, Decane, 2-Propoxyethanol, Triethylamin, Cyclohexanone, Camphene, Octanal, p-Cymene, Butylglycol acetate, Dimethyl adipate, Butyl hydroxy toluene)
	EN 16516
	n = 7 < 0.1 m³
0.1 m³ < n = 66 < 1 m³
n = 27 > 1 m³
	22 % to 39 % (n = 50)

	Poppendieck, Li, and Chen (2018)
	2017
	LiFE
	Formaldehyde
	ASTM 6007
	0.02 m³ to 0.086 m³
	14 % (n = 4)






Reference Material Studies
Each of the eight reference materials studies had unique challenges and drew varying conclusions. 
Film. There have been two inter-laboratory studies using film reference materials conducted by the same group. Howard-Reed et al. (2011) conducted a pilot inter-laboratory study with four laboratories using a film loaded with toluene as the reference material. Average RSDs of toluene emission rates determined by different laboratories were 9 % to 15 %. Generally, RSDs were lower for samples taken at later times. Analysis of between-batch and within-batch variance indicated that the film sample age (time between produced and tested) may be a more important variable than differences between the batches or among samples within a batch. This study highlights the challenge of storage for commercial reference materials prior to sale. 
Howard-Reed et al. (2014) conducted a follow up inter-laboratory study to evaluate a toluene film in chambers of various sizes in 14 laboratories in seven countries. Each laboratory was provided duplicate specimens, standard analytical solutions and a test protocol. Based on chamber size used in the study, ten laboratories were grouped as small chambers and the remaining four were considered large chambers. RSDs range from 19 % to 23 % for laboratories using a small chamber and meeting all the test method criteria. RSDs for laboratories using a large chamber were higher (55 % to 57 %). Keeping the film at a subzero Celsius temperature until tested proved difficult for international shipping. This study highlights how challenging shipping and storage temperature can be for reference material distribution.
Lacquer. The Bundesanstalt für Materialforschung und -prüfung (BAM, Federal Institute for Materials Research and Testing) has conducted four international proficiency tests (2009, 2014, 2016, 2018) using lacquer reference materials (Wilke et al. 2021). A separate group (Oppl et al. 2020) also conducted an independent lacquer and adhesive study. 
In 2009, Wilke, Horn, and Wiegner (2011) from BAM conducted a study that involved 37 international laboratories. A lacquer standard reference material containing  nine chemicals was used as the testing material. Of the nine chemicals diethyl phthalate and D4-siloxane were not detected by most of the laboratories. Benzene, the most volatile compound, had the highest RSD of 69 %. The authors hypothesized this may be due to varying air velocities over the lacquer surface during the drying process of the lacquer causing different evaporation rates among samples. The RSDs for the other six chemicals ranged from 28 % to 50 %. This study highlights the difficulties in manufacturing consistent reference materials.
In 2014, the BAM group (Horn et al. 2018) challenged 55 laboratories with a lacquer standard reference material. Nine VOCs were tested in chambers ranging in size from 0.02 m3 to 3 m3. Generally, both the inter-laboratory and intra-laboratory variation for polar compound n-methyl-α-pyrrolidone and the higher boiling point compounds 1,2-dimethyl phthalate, and n-hexadecane were higher than other chemicals. The authors attribute this to analytical issues. The overall results show that the inter-laboratory RSDs ranged from 29 % to 63 % for all 55 participants, while the intra-laboratory RSDs ranged from 5 % to 19 %. This study highlights the need for precise reference materials to allow for determination of causes of inter-laboratory variations. 
In 2016, the BAM group (Wilke et al. 2021) challenged 49 laboratories with a lacquer reference material spiked with eight VOCs. In 2018, they repeated the study with 50 laboratories with a lacquer reference material spiked with 12 VOCs. In these studies VOCs with higher boiling points (dimethyl adipate, 227 °C; butyl hydroxy toluene, 265 °C; texanol, 244 °C) had similar magnitude RSDs as those with lower boiling points. All sampling was conducted within seven days of drying of the lacquer. There may be a challenge to store commercial lacquer reference materials for longer periods prior to sale. 
Oppl et al. (2020) conducted an inter-laboratory study with 33 laboratories from 12 countries. Two spiked flooring adhesives and one spiked parquet lacquer were tested using the GEV testing method for emission testing of products for flooring installation, adhesives and building materials. The testing included the preparation of the test materials by the participants, rather than a central manufacturer. Participants were not informed of the VOCs to be analyzed. This resulted in variations in which chemicals were analyzed with substance specific calibration versus toluene equivalents. A total of 15 laboratories quantified the concentrations of 2-methyl-4-isothiazolin-3-one with substance specific calibration (mean 27 mg m-3), while 19 laboratories reported 2-methyl-4-isothiazolin-3-one concentrations using toluene equivalents with a mean concentration of 10 mg m-3. Non-identified VOCs were reported by 15 to 20 of the laboratories for the three reference materials. RSDs for individual target VOCs ranged from 21 % to 64 %. This study highlights how analytical challenges can effect the reported concentrations for emission reference materials, especially when the chemicals are unknown to the user.
LiFE. Poppendieck, Li, and Chen (2018) conducted an inter-laboratory study with four laboratories. Formalin was placed in stainless steel bottles, and formaldehyde diffused through a polydimethylsiloxane (PDMS) film at the top. Intra-laboratory RSD of six bottle systems was 5 %. Inter-laboratory RSD between four labs was 14 %. Testing laboratories had slightly different temperatures, relative humidities and chamber air change rates. The authors theorized that variability in commercially purchased film thickness effected the results. This study highlights the potential difficulty in producing commercially viable reference materials due to material component challenges.
Inter-laboratory Summary
The RSDs for inter-laboratory tests have varied with year of the study, the type of reference material and the chemicals studied. 
Wilke et al. (2021) notes a decrease in RSD over the last 20 years for European inter-laboratory testing. A review by Oppl (2008) in which six published and several unpublished inter-laboratory tests with 10 to 20 participants were summarized showed that the included studies using building materials had similar RSDs of ± 50 %. The study by De Bortoli et al. (1999) , which also used building product reference materials, had a mean RSD of 51%, while the most recent lacquer study by Wilke et al. (2021) in 2018 had a mean RSD of 28%. 
This trend coincides with the transition away from building material reference materials to designed reference materials for use in inter-laboratory studies (Figure 8). In addition, studies using multiple chemical lacquer reference materials (Table 3) have had higher RSD than those using single chemical film or LiFE reference materials. However, the studies using film or LiFE reference materials have had far fewer participants than the Lacquer studies. 

[bookmark: _Ref83035575][bookmark: _Ref83035570]Figure 8. RSD values for designed reference material inter-laboratory studies.
Wilke et al. (2021) examined trends in four lacquer reference material studies from 2009 to 2018 (Table 3) in the context of chemical properties. There was a relationship between a chemical’s RSD and Log Kow (octanol-water partition coefficient) values. For chemicals with a Log Kow less than 0 the RSD values were between 38 % and 58%, while for chemicals with a Log Kow greater than 4 the RSD values were between 20 % and 32 %. However, Wilke et al. (2021) showed that the boiling point was a poor predictor of the inter-laboratory RSD for chemicals with boiling points below 270 °C. 
Generally, several factors have been controlled or examined to reduce variability in the inter-laboratory testing. These factors include preliminary testing to check the heterogeneity of testing materials, packaging and shipping. However, few studies discussed the influence of different factors on the variability in detail. Chemical analysis of the samples of the chamber air has been considered as the main factor for variation in the emission testing results Oppl (2008), but no quantitative analysis has been given for this conclusion. Identification of important influencing factors and quantification of the degree of influence of each factor on the observed discrepancies would be helpful for better control of the factors and thus reduction of the variability of inter-laboratory study results. In addition, as test materials and analytical techniques are evolving, it is important to evaluate testing procedures regularly.
[bookmark: _Ref73092748]Uncertainties in Emission Testing when Using Reference Materials
Uncertainty quantified in inter-laboratory studies using reference materials can be attributed to four major components:
1) Reference material variability 
2) Emission testing system variability
3) Analytical measurement variability
4) Inter-laboratory study procedure variability
These issues are discussed in detail below. 
[bookmark: _Ref59095033]Reference Material Variability
There are three major issues that are of concern and can effect reference material variability: producibility, homogeneity, and stability. 
Producibility
Emission reference materials need to be able to be produced safely in a large enough batch to be useful for comparison purposes. To produce the emission reference materials, target compounds at high concentrations are often used. These concentrations potentially can be dangerous to the manufacturer or user of the reference material. For drying or curing reference materials, neat compounds are added to the lacquer or adhesive. For the LiFE reference material, pure liquid compounds and formalin solution are used to be the emission source. For the film and TPU reference materials, high concentrations of target compounds are absorbed or impregnated into the substrate materials to be the emission source. The target compound, such as formaldehyde and toluene, or the source solution like formalin, can have hazardous effects if improperly handled. 
To produce a batch of reference materials for inter-laboratory comparisons, all the material samples should be produced at the same time for homogeneity. Designing a production method to make sufficient emission materials in one batch can be challenging. For the film and TPU reference materials, the number of reference materials produced in one batch is limited by the volume of the vessels for the target compounds to be adsorbed or impregnated into the substrate materials. Larger volumes may have mixing issues that can lead to homogeneity issues between samples . For lacquer reference materials, the lacquer mixture is poured into Petri dishes under a certain time limit to ensure the homogeneity among the samples, and the number of Petri dishes in one batch is limited by the volume of the environmental chamber for the lacquer mixture to cure. 
User operation also needs to be considered to ensure that varying user techniques do not affect the emission rate. For instance, for the LiFE and temperature-controlled evaporator reference materials, the bottle filled with the liquid compound should always be moved in a slow, level manner to avoid contact of the liquid compound with the diffusion film.
[bookmark: _Ref58875693]Homogeneity
Homogeneous reference materials are needed for intra-laboratory test results to be reproducible and for the inter-laboratory test results to be comparable (Horn et al. 2018). Homogeneous reference materials ideally have an identical emission rate profile among different material samples for the target compound. The homogeneity of the reference materials is associated with the nature of the materials and their production methods. Historically, challenges associated with acquiring or producing homogenous reference materials (De Bortoli et al. 1999) have been one of the largest barriers to commercially viable certified reference materials. 
For the lacquer and adhesive reference material, adequate stirring is essential to form a uniform mixture of the target compounds. For the TPU reference material, stirring also allows formation of a uniform mixture of the liquid CO2 and target compounds, so that the target compounds can be impregnated homogenously into the TPU substrate. Richter et al. (2017) noted that TPU emission variability between batches persisted for up to ten days after production. After ten days the emission profiles between batches homogenized. 
For the LiFE and film reference materials, the emission rate of the reference material is controlled by the diffusion films. Varying film thickness was identified as one reason for variation in emission rates for LiFE systems (Poppendieck, Li, and Chen 2018). The selected films should be as homogenous as possible, with film thickness of each sample measured. 
Stability
Time is required for shipment of the reference materials and storage at the laboratory prior to chamber testing. For inter-laboratory comparisons, the time needed for shipments ranges often from 2 days to 14 days, depending on if the shipment is local or international  (Horn et al. 2018; Howard-Reed et al. 2011; Howard-Reed et al. 2014). Reference materials containing hazardous materials can be delayed further, especially when transported through international borders.  In addition, for commercially viable products the reference material may need to be stored prior to sale for months or years prior to use. 
The environmental conditions, e.g., temperature and relative humidity, during shipment and storage may influence the stability of the reference materials, and the target compounds may emit from the reference material and be lost through the packaging (Horn et al. 2018; Howard-Reed et al. 2014). To reduce loss of the target compounds, the film reference material has been shipped on dry ice to reduce the temperature in the package (Howard-Reed et al. 2011; Howard-Reed et al. 2014). However, the environmental conditions during shipment can be altered due to unexpected delays or other problems. Therefore, losses of target compounds may occur during shipment and storage, especially of high volatility compounds. To evaluate the stability of the lacquer reference materials, two material samples were wrapped in aluminum-coated polyethylene composite-foils and stored at 23 °C and 50 % RH. A total of 14 days was the estimated maximum time for shipment and storage (Horn et al. 2018). Among the 9 compounds emitted by the lacquer reference material, the emission rates of hexanal, styrene and n-decane decreased by 10 % to 30 % after 14 days, while the emission rates of limonene, 2-ethyl-1-hexanol, n-methyl-α-pyrrolidone, 2-ethylhexyl acrylate, dimethyl phthalate, and n-hexadecane were consistent with the freshly produced samples (Horn et al. 2018). 
Storage test results suggest that 1) the environmental conditions for storage and shipment need to be verified prior to usage of the reference materials; 2) emission rate decay needs to be verified for certain compounds prior to chamber testing; and 3) to ensure the comparability of the inter-laboratory test results, reference materials with short storage lives should be from the same batch and loaded in the environmental chambers at the same time.
Emission Test System Variability
The emission rate of the reference material can be influenced by the experimental condition of the environmental chamber., e.g., temperature, relative humidity and air change rate (Howard-Reed et al. 2014; Nohr, Horn, Wiegner, et al. 2014; Nohr, Horn, Jann, et al. 2014; Wei, Greer, et al. 2012; Wei et al. 2013). Systematic bias in these parameters can result in bias in the measured emission rate of the reference material. This is one reason intra-laboratory variability is typically lower than inter-laboratory variability (Risholm-Sundman et al. 2007; Horn et al. 2018; Wilke et al. 2021; De Bortoli et al. 1999; ISO 2015; Richter et al. 2017).
Temperature
Emission rates often increases with increasing chamber temperature. Wei et al. (2013) noted that formaldehyde emitted from the LiFE bottle is controlled by the Henry’s law constant, the film diffusion coefficient and the air-membrane partition coefficient; all of which are temperature dependent. Liu et al. (2014) highlighted for a film reference material that as temperature increases the diffusion coefficient for the target chemical in the film decreases and the partition coefficient between the air and film increases. The results by Liu et al. (2014) demonstrate these impacts as toluene concentrations more than tripled as temperatures increased from 10 °C to 30 °C in a chamber with a film reference material. Wei, Greer, et al. (2012) found an R2 (square of correlation coefficient) value of 0.97 for the correlation between the emission rate and temperature for toluene emitted from a LiFE bottle between 10 °C and 30 °C. 
Hence, chamber temperature control or measurement issues could be a significant contributor to elevated inter-laboratory RSD values. To address temperature uncertainty, temperature should be measured in each individual chamber, as temperature can vary in large temperature-controlled enclosures. In addition, temperature measurements should be checked to traceable standards on a regular basis. 
Relative Humidity
The influence of relative humidity on the emission rate may depend on the target compound and reference material (Liu et al. 2014). Wei et al. (2013) notes that mechanistically relative humidity affects a chemical’s film diffusion coefficient and partition coefficient for a LiFE system, but to a lesser degree than the temperature. Wei, Greer, et al. (2012) found toluene emitted from a LiFE bottle decreased when relative humidity increased from 33 % to 50 %, but the impact was mixed at 70 %. Overall, Wei, Greer, et al. (2012) found the impact of changes in relative humidity on toluene emissions was less than those of temperature. Liu et al. (2014) showed the changes in the relative humidity did not significantly influence the diffusion coefficient and partition coefficient for a film system at tested temperatures. 
Air Change Rate
The air change rate, l (1/time), will directly affect the concentration in the chamber. When steady state is achieved the chamber mass balance takes the form in Equation 1:
	 	(1)
where E is the emission rate (mass/time), C is concentration in the chamber (mass/sample volume), and V is chamber volume (volume). The air change rate is defined as the chamber flow rate, Q (volume/time) divided by the chamber volume V. Hence, if the actual airflow rate is greater than intended, the measured concentration will be lower than intended for the same emission rate. This is important for regulations that rely on chamber concentrations rather than emission rates (e.g., USEPA Formaldehyde Emission Standards for Composite Wood Products Rule). 
In addition, under certain conditions the emission rate can be dependent upon the air speed above the material. Wei, Greer, et al. (2012) noted that the influence of the airflow speed on the emission rate is less than 1 % if 
		(2)
where L is the material thickness (length), D is the material diffusion coefficient (length squared/time), and hm is the convective mass transfer coefficient (m/s). Typically, the airflow speed over the material can be ignored for most VOCs if it is higher than 0.014 m/s, while it can be an important factor for SVOCs. To address uncertainties due to airflow, flow measurements should be validated to traceable standards on a regular basis. 
Chamber Impacts
Less volatile chemicals can sorb to the chamber walls to various degrees depending on the chamber material and chamber loading rate (Horn et al. 2018; De Bortoli et al. 1999).  This sorption can complicate the calculation of the emission rate for these chemicals.  
Summary
To reduce the uncertainty in the emission rate mass-transfer parameters, e.g., diffusion and partition coefficients of the target compounds in the reference material, should not vary significantly with the temperature range of interest, relative humidity, and airflow.
Analytical measurement variability
Analytical measurements to quantify chamber concentrations can also lead to uncertainty in quantified chamber emission rates. In most cases, over half of the combined standard uncertainty of inter-laboratory studies have been attributed to the calibration and precision of analytical equipment (Howard-Reed et al. 2014). Contributors to uncertainty can include analytical equipment type, sampling uncertainty and standard bias. 
Analytical Equipment
One issue in comparing chamber concentrations for inter-laboratory studies is that each lab could quantify the chemical using a different method. For instance, there now exist a wide range of commercial means to quantify formaldehyde concentrations in chambers including: chromotropic acid, 2,4-Dinitrophenylhydrazine (DNPH) derivatization, Hantzsch reaction derivatization, electrochemical cell, photoacoustic, cavity ringdown, FTIR spectrometry, chemical ionization mass spectrometer and laser adsorption spectrometer. Sample times for the varying methods can be every second or last an hour, and the sensitivity can vary for each technique. 
Sampling Uncertainty
Each sample pump or flow controller will also introduce uncertainty in the final emission rate measurement. Derivatization and sorbent methods will be affected by the stability of the derivatization or sorbent under the storage conditions used after sampling but prior to analysis. Wet chemistry methods introduce uncertainty related to acid strength, solvent volumes, and other reagents. 
Gas chromatograph columns, co-eluting peaks, unresolved baselines, and method of peak integration can all impact quantification analysis of chemicals using gas chromatographic methods (De Bortoli et al. 1999; Oppl 2008). 
Standards Bias
Use of toluene equivalence analysis for quantification will result in different values than when using specific calibrants (Oppl 2008). Oppl et al. (2020) reported that for a 33-participant inter-laboratory study the RSDs of total volaile organic compounds (TVOC) (the sum of VOC concentrations) quantified using toluene equivalence were between 30 % to 38 %. In the same study, the RSD for TVOC values determined from specific calibrants ranged from 36 % to 41 %. The same study showed that the TVOC values determined from specific calibrants were 1 to 2.5 times larger than those determined from toluene equivalents. 
Inter-laboratory study procedure variability
Inter-laboratory study participants are often given a set of procedures and parameters under which to run the experiment (e.g. ASTM E691 Standard Practice for Conducting an Inter-laboratory Study to Determine the Precision of a Test Method).(ATSM 2020). For instance, the inter-laboratory study may specify the chamber volume, airflow rate, temperature and relative humidity, air speed above the material, the sampling time(s) along with the sampling device, tubes, columns, internal standards, thermal desorption and GC operation (Horn et al. 2018). Some inter-laboratory studies create data entry spreadsheets to ensure uniform data collection (Howard-Reed et al. 2014).
[bookmark: _Hlk85745634]However, the instructions may not always be followed exactly. De Bortoli et al. (1999) and Howard-Reed et al. (2014) had issues with participants using the correct chamber airflow rates and storage temperature. Some inter-laboratory studies notify the participants of the target chemicals (Poppendieck, Li, and Chen 2018) while others do not (Horn et al. 2018). A study by Oppl et al. (2020), which did not notify participants of the target chemicals, showed between 4 to 8 of the 33 participants were unable to quantify the target chemical depending on the matrix  Some inter-laboratory studies send a liquid calibration solution to separately assess the laboratory performance. However, not all laboratories used it in the Howard-Reed et al. (2014) study. Finally, studies need to have enough participants to evaluate statistical significance. Some preliminary studies (e.g., (Howard-Reed et al. 2011; Poppendieck, Li, and Chen 2018) only involved four laboratories. 

Conclusions
Regulators and emission certification programs are implementing emission test systems in an ever-increasing frequency to reduce or at least monitor the impacts of materials on indoor air quality. Validation of these testing platforms has relied on inter-laboratory testing for the last 30 years. Over that period, emission testing performance has improved (Figure 8), as measured by reduced relative standard deviations of inter-laboratory studies. Over the last 15 years inter-laboratory studies have moved away from using existing building materials to specifically-designed materials for emission testing. However, use of these designed materials still requires a time-consuming inter-laboratory effort, as currently there are no certified reference materials available on the market. This is due to the challenges associated with determining the uncertainty associated with the material (as opposed to the emission testing and analytical systems) and determining the metrological traceability of the measurements. However, it is hoped that in the future designed reference materials can be certified and manufactured that are fit-for-purpose, homogeneous and stable.

Disclaimer
Certain commercial equipment, instruments, or materials are identified in this chapter in order to specify the procedures adequately.  Such identification is not intended to imply recommendation or endorsement by NIST, nor is it intended to imply that the materials or equipment identified are necessarily the best available for the purpose.
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