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Abstract

Numerous chemicals have been detected in indoor environments that have potential impacts 

on occupant health and comfort. However, due to limited resources, it’s infeasible to assess 

indoor exposure of each chemical for all indoor conditions through measurements alone. Hence, 

indoor exposure models have been developed to predict time-varied exposure for a wide range 

of sources and chemicals under different conditions. The Indoor Environmental Concentrations 
in Buildings with Conditioned and Unconditioned Zones (IECCU) model was developed by the 

United States Environmental Protection Agency. This study evaluated the predictive ability of the 

IECCU by comparing airborne tris(1-chloro-2-propyl) phosphate (TCPP) concentrations measured 

from 2013 to 2018 in a test house to modeled predictions. Inputs to IECCU included building and 

environment (i.e., air zone configuration and geometry, interzonal airflow rates and air temperature 

in each zone), parameters for both source (spray polyurethane foam (SPF)) and sinks (gypsum 

and wallboard), and simulation conditions. Simulations were conducted using three sets of inputs. 

Simulation 1 and 2 differed in using quantified versus design inputs for temperatures and airflow 

rates. Simulation 1 and 3 differed in the configured air zones in the IECCU model. Given the best 

available inputs (Simulation 1), IECCU predicted basement concentrations that were generally 

higher but within a factor of three of the measurements. The basement prediction/measurement 

ratios for all three simulations ranged from 0.5 to 8.3 and the average was 2.9, while the predicted 

concentrations in the living zone were generally lower but still within an order of magnitude 

of the measurements. The prediction accuracy decreased with time. For Simulation 1, predicted 

basement concentrations were on average 1.4 times higher than measurements in 2013 and 2014. 

However, the ratio increased to 4.7 in 2018. The design inputs of Simulation 2 resulted in greater 

discrepancy between measurements and predictions than the measured inputs of Simulation 1. In 

addition, Simulation 2 did not capture diurnal variation as well as Simulation 1. Comparisons of 

Simulation 1 and 2 demonstrate the importance of using accurate temperature and airflow model 

inputs for more accurately predicting concentrations. Furthermore, a sensitivity analysis indicated 

that to improve the accuracy of IECCU predictions for TCPP emission from SPF, efforts are 

needed to accurately measure the mass transfer parameters for SPF, especially the SPF/air partition 

coefficient and the initial TCPP concentration in SPF.
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Introduction

Over 100,000 different chemicals are manufactured every year (Levi and Cullen 2018), 

with many incorporated into products that are used in the indoor environment. The 

fate and transport of most of these chemicals in the indoor environment has not been 

measured or measured infrequently relative to relative to the large number of buildings 

and circumstances of building operation, occupant activity and weather conditions. Given 

that it is infeasible to measure emission of all chemicals from indoor sources in different 

environmental conditions, various models have been developed to predict the potential 

indoor concentrations of these chemicals.

The United States Environmental Protection Agency (USEPA) has developed and applied 

a range of models to predict the fate and transport of chemicals indoors, including IAQX, 

i-SVOC, and the Indoor Environmental Concentrations in Buildings with Conditioned and 
Unconditioned Zones (IECCU). IAQX is a volatile organic compound (VOC) model that 

simulates multiple well-mixed zones and airborne chemical reactions. IAQX can be used 

to predict VOC emissions from solvents and coatings, along with diffusion-controlled VOC 

emissions from different materials (United States Environmental Protection Agency 2020b). 

Given the different chemical properties between VOCs and semi-volatile organic compounds 

(SVOC), a more general-purpose model, i.e., i-SVOC (Indoor SVOC), was developed to 

examine the fate and transport of SVOCs emitted from indoor sources by accounting for 

SVOC sorption to size aggregated particulate matter, settled dust and other sinks such as 

building materials and furnishings (United States Environmental Protection Agency 2020a).

The IECCU (United States Environmental Protection Agency 2020c) combines existing 

code in IAQX and i-SVOC and adds new components and methods, such as allowing 

time dependent airflow and temperature inputs from other models. IECCU requires 1) 

defining a building environment, including the air zones, outdoor and interzonal airflows 

and temperature in each zone, 2) describing sources and sinks, including location and 

surface area for both, source emission models, sink adsorption models and corresponding 

parameters, and 3) inputting simulation conditions, including initial air concentrations and 

simulation duration. IECCU allows nine types of air zone configurations for a building each 

consisting of up to three, well-mixed zones and an air handling unit “zone”. An example 

of a IECCU configuration is model that consists of a living zone, unheated attic and air 

handling unit. Each IECCU zone is described by a volume and surface areas of relevant 

materials. Time-varying temperatures in each zone, airflows between zones, and airflows 

between the zones and outdoors must be input to the model. These time-varying values may 

be generated using measurements or building airflow modeling programs. The model can 

vary the partition and diffusion coefficients of target chemicals for the sources can be with 

temperature fluctuations.

Poppendieck et al. Page 2

Build Environ. Author manuscript; available in PMC 2024 March 18.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



In this study, for the first time, the IECCU predictions were evaluated by comparing 

them with long-term measurements in a test house. The Net-Zero Energy Residential Test 

Facility (NZERTF) at the National Institute of Standards and Technology (NIST) was 

constructed as a testbed for evaluating the performance of low-energy designs, technologies, 

and construction methods (Pettit, Gates et al. 2014). The unoccupied 1316 m3 NZERTF 

has an open basement, two living space floors and an attic (insulated and air sealed at 

the roof, not the attic floor) connected to the 2nd floor via passive transfer grills. The 

basement and first floor are also connected via passive transfer grilles. A heat recovery 

ventilator (HRV) provides 137 m3 h−1 of mechanical ventilation to comply with ASHRAE 

Standard 62.2–2010 (ASHRAE 2010, Ng, Persily et al. 2015). Total outdoor air change 

rates, which included both the mechanical ventilation rate through the HRV and infiltration 

through the building envelope, range from 0.06 h−1 to 0.19 h−1 (Ng, Persily et al. 2015). The 

NZERTF building envelope uses a range of insulation products, including open cell spray 

polyurethane foam (SPF) (Poppendieck, Gong et al. 2017). SPF is a product that is produced 

on site by mixing methylene diphenyl diisocyanate with chemicals that include polyols, 

amines, blowing agents, surfactants, and flame retardants (Sebroski 2012, Poppendieck, 

Schlegel et al. 2016). The most common flame retardant in SPF is tris(1-chloro-2-propyl) 

phosphate (TCPP) and is typically present in the final product at levels between 2 % and 12 

% by mass (Sebroski 2012, Estill, Slone et al. 2019, Gong and Poppendieck 2019).

TCPP has a boiling point between 200 °C and 248 °C (Xu, Yu et al. 2018, National 

Center for Biotechnology Information 2020) and may either be classified as a VOC or 

a SVOC (ASTM D8141). TCPP is found in a wide range of indoor products including 

flooring, furniture, toys, construction materials, curtains, foot-wear, leather products, paper 

and cardboard products, and electronic equipment (European Chemicals Agency 2020). 

TCPP has been reported to widely exist in different media in the indoor environment, 

including gas phase (Tokumura, Hatayama et al. 2017, Kim, Wang et al. 2019, Wang, 

Bao et al. 2020), dust (Wu, Yu et al. 2016, Peng, Tan et al. 2017, Tan, Peng et al. 2017, 

Tokumura, Hatayama et al. 2017, Ali, Ibrahim Ismail et al. 2018, Kim, Wang et al. 2019, 

Percy, La Guardia et al. 2020), particles (Schreder, Uding et al. 2016, Wang, Bao et al. 

2020) and surfaces (Liu, Allen et al. 2016). Thus, humans are widely exposed to TCPP in 

indoor environments, which is supported by the fact that TCPP metabolites were detected 

in urine in multiple studies (Ding, Deng et al. 2019, Estill, Slone et al. 2019, Jayatilaka, 

Restrepo et al. 2019) and were present in urine at a detection frequency up to 60 % in 

the 2013–2014 National Health and Nutrition Examination Survey (NHANES) (Ospina, 

Jayatilaka et al. 2018). Health effects of TCPP exposure are currently being evaluated 

by the United States National Toxicology Program (National Toxicology Program 2020). 

However, TCPP has been reported to be related with adverse effects in cells and animals, 

including temporary DNA damage and viability decrease of peripheral blood mononuclear 

cells (Mokra, Bukowski et al. 2018, Bukowski, Wysokinski et al. 2019), proteins and 

metabolites alteration in rockfish (Ji, Lu et al. 2020) and dose-response immune stress in 

mussels (Wu, Zhong et al. 2018).

During construction of the NZERTF, SPF was applied in approximately January 2012 to 

the basement rim joists and to the rim joists between the 1st and 2nd floor. The basement 

SPF is not covered by any finish material. The 1st and 2nd floor rim joist SPF is isolated 
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from the 1st floor by wallboard and the 2nd floor by a plywood subfloor and wood flooring. 

Other than the rim joist SPF there are no other known sources of TCPP in the NZERTF 

(Poppendieck, Schlegel et al. 2016). Total TCPP airborne concentrations (particle and gas 

phase) were measured in the NZERTF basement, 1st floor, and 2nd floor over a period of 

five years (2013 to 2018) (Poppendieck, Gong et al. 2019). In addition, since 2013, data 

with resolution of seconds has been collected at the NZERTF on electricity use, water use, 

HVAC system performance, and thermal comfort (Healy, Fanney et al. 2017, Healy, Chen et 

al. 2018), including temperature and flow data that may be used as direct or indirect inputs 

to the IECCU model. Hence, the TCPP measurements in NTZERF with a single source of 

SPF serve as a unique test case for evaluation of the IECCU and other exposure models.

The objective of this effort is to evaluate long-term airborne TCPP concentration predictions 

from the IECCU model by comparing the predictions with measurements.

Methods

Calculating airborne TCPP concentrations using the IECCU model requires the 

determination of input parameters for the building and indoor environment (i.e. air zones, 

temperature and interzonal airflows), sources and sinks of TCPP, and simulation conditions 

(initial condition and simulation duration). Three simulation cases were performed with 

combinations of two air zone configurations and two different sets of temperature and 

airflow inputs (Table 1). Simulations 1 and 2 were compared to examine the difference 

between the quantified versus design values of airflow and temperature data. Simulations 1 

and 3 were compared to examine the difference between the building configurations (Attic 

versus Floorspace). This section describes the details of these building configurations and 

differences between quantified and design input data for building operations.

IECCU Air Zone Configurations

The IECCU can be used to model up to three conditioned zones and an HVAC zone. The 

HVAC zone is the ductwork. In this study, two air zone configurations for the NTZERF 

were modeled (Figure 1). The Attic configuration was a four-zone configuration that did not 

include the volume between the 1st and 2nd floors. The living zone in the Attic configuration 

includes the combined volumes of the 1st and 2nd floors. The Floorspace configuration was 

a four-zone configuration that included the 1st and 2nd floorspace volume as a zone and 

combined the attic, 1st and 2nd floors into the living zone. The floorspace zone is the air 

gap between the ceiling of the first floor and floor of the second floor. Both configurations 

have identical basement and HVAC zones. For both configurations, the directional airflows 

indicated by arrows in Figure 1 are the airflows input into the IECCU model. Air entering 

zone j from zone i (Qij) does not need to be equal to the opposite airflow Qji. The airflow 

(Q) subscripts in Figure 1 are as follows: Outside (O), Attic (A), Living Area (L), Basement 

(B), HVAC system (H), Floorspace (F).

In the Attic configuration, a TCPP source of 15 m2 SPF was located in the basement only, 

represented by the hashed blocks in Figure 1. The SPF in the rim joists between the 1st and 

2nd floor was not included in the Attic configuration due to that volume having a limited 

airflow to other zones and the IECU model limiting the model to three non-HVAC zones. In 
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the Floorspace configuration, TCPP sources of 15 m2 SPF were located in both the basement 

and floorspace.

Design and Quantified IECCU Temperatures and Interzonal Airflows

The IECCU model requires input of hourly airflow rates across the building envelope to 

and from each zone (QOi), the airflow rates between zones (Qij and Qji), exhaust airflow 

rates, outdoor ventilation rates, HVAC system airflow rates, and temperatures in each zone. 

Two sets of input data for the hourly airflows and temperatures were created: “design” and 

“quantified”.

The “design” IECCU input data for the building size, airflow rates, temperatures and source 

sizes are estimated or assumed based on design information. This scenario could represent 

design intent. The “quantified” input IECCU data consist of airflow rates and temperatures 

that were either directly measured or modeled as described below. This scenario represents 

the best available data for predicting indoor exposure.

Design Temperatures.—It was assumed that the indoor temperatures and HVAC 

temperatures were equal to the heating setpoint (21.1 °C) between November and April, 

and equal to the cooling setpoint (23.9 °C) between May and October (Fanney, Payne et al. 

2015).

Quantified Temperatures.—Temperatures in the HVAC system (return and supply) were 

recorded every 3 s when the fan was running and every 10 s otherwise using Type-T 

thermocouples with a range of − 10 °C to 55 °C and a manufacture specified uncertainty at 

the 95 % confidence level of ± 0.6 °C (Davis et al. 2014). There are three thermocouples 

in the HVAC return. The recorded values of these sensors were integrated and averaged 

at hourly timesteps to create the temperature data inputs for the temperature of QLH. 

There are three thermocouples in the HVAC supply. The recorded values of these sensors 

were integrated and averaged at hourly timesteps to create the temperature data inputs for 

temperature of the QHL and QHB.

Temperatures inside the NZERTF were recorded every 1 min using Type-T thermocouples 

with a range of 13 °C to 30 °C and a manufacture specified uncertainty at the 95 % 

confidence level of ± 0.2 °C (Davis et al. 2014). The temperature input for the living zone 

in the IECCU model were determined by integrating and averaging measurements from 16 

thermocouples inside 1st and 2nd floors of the test house. The temperature input for the 

basement zone in the IECCU model consisted of integrated and averaged measurements 

from four thermocouples in the basement of the test house. Lastly, the temperature input 

for the Attic zone in the IECCU model consisted of integrated and averaged measurements 

from four thermocouples inside the attic of the test house. The values recorded every minute 

from all the sensors in the zone were integrated and averaged at hourly timesteps to create 

the temperature data inputs for each zone. Intentional and unintentional events caused the 

data acquisitions systems to record erroneous data for less than 6 % of the time over the five 

years of data acquisition (see Supporting Information). These erroneous data points were 

replaced using either the previous (or the following) day’s data from the same timeframe 

if more than five data points were missing or by averaging the data points before and 
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after the erroneous data point if fewer than five data points were missing. The variations 

of measured basement zone temperatures for the three simulations are illustrated in Figure 

S.3. Temperatures for Simulation 2 only varied seasonally, but the basement temperature for 

Simulation 1 and 3 changed every hour and had a relative standard deviation of 5 %.

Design Airflows.—The design airflow rates were based on design specifications for the 

NZERTF without considering any measured data. For the HVAC airflow rates, it was 

assumed that the system operated two-thirds of the hour when the outside temperature was 

equal to the heating design temperature (HDT) or cooling design temperature (CDT) of the 

location. In Baltimore, MD, the HDT = −7.6 °C and CDT = 33.0 °C (ASHRAE 2017). 

Figure S.2 shows that between the heating setpoint of 21.1 °C and the HDT, and between 

the cooling setpoint of 23.9 °C and the CDT, the operation of the HVAC system was varied 

linearly from 0.0 to 0.67 of the maximum airflow in the manufacturer’s specifications. For 

cooling, the maximum airflow is 1710 m3h−1, and for heating, the maximum airflow is 1026 

m3h−1.

For the design data set, it was assumed that the air leaving and coming into the test house 

across the building envelope (Qoi and Qio) was equal to the infiltration credit in ASHRAE 

Standard 62.2–2016. For a single detached home, the infiltration credit (Qinf,62.2,L S−1) is:

Qinf, 62.2 = NL × wsf × Afloor
1.44

(1)

where NL is the normalized leakage (−), wsf is the weather shielding factor (−), and Afloor 

is the floor area (m2). For the NZERTF, Qinf,62.2 is 7 L/s. It was also assumed that the 

HRV supply and exhaust airflow rates were equal to the rate required by Standard 62.2, 

137 m3 h−1. Because interzonal airflow is not a design feature, these airflow rates were 

estimated from data in Ng, Kinser et al. (2019), where the authors performed pressurization 

fan tests to determine the leakage of interior floors, doorways, and passive transfer grilles. 

The results were then input into a CONTAM model of the house, as described below. Using 

local weather data, airflow was simulated for a year. The annual average interzonal values 

reported in Ng, Kinser et al. (2019) were input into the IECCU as a constant value. The 

variations of design airflows for Simulation 2 are illustrated in Figure S.5.

Quantified Airflows.—The quantified inputs were created from a combination of 

measurements and simulation results using measurements as input. Pressurization tests were 

conducted to determine the exterior leakage area of the building envelope and interzonal 

leakage area through the interior floors (Ng, Kinser et al. 2019). The leakage areas along 

with the measured indoor and outdoor temperatures, wind speed and direction, HVAC 

system airflow rates, and HRV airflow rates were used as inputs to a CONTAM model 

of the house. CONTAM is a multizone airflow simulation software developed at NIST 

that incorporates airflow physics to determine building airflows and indoor contaminant 

concentrations (Dols and Polidoro 2015). CONTAM has been validated in terms of program 

integrity (Haghighat and Megri 1996), and comparisons with laboratory experiments 

(Haghighat and Megri 1996) and field studies (Chung 1996, Haghighat and Megri 1996, 
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Emmerich 2001, Emmerich, Nabinger et al. 2004). A previously developed model of the 

NZERTF house was used (Poppendieck, Khurshid et al. 2016) (Figure S.1). Thus, the 

airflows through the building envelope (QAO, QOA, QLO, QOL QBO QOB) and between zones 

(e.g., QAL, QLA, QBL, QLB) were simulated using CONTAM and provided as inputs to 

IECCU. The model also took into account times when the basement door was open.

During testing, the HRV operated on constant and intermittent schedules, and the airflow 

rates varied between 137 m3 h−1 and 205 m3 h−1. The higher HRV airflow rates were 

measured when the NZERTF was operated at higher than the Standard 62.2 specification to 

investigate energy and air quality impacts. The HRV operation schedule was used to derive 

airflow rates to input into CONTAM. All HRV supply air was delivered to the living zone.

Quantified HVAC airflow rates were derived from measurements taken by a differential air 

pressure transducer, which monitors the indoor unit air pressure drop and external static 

pressure (Davis, Healy et al. 2014). The air pressure differential measurement had a range 

of 0 Pa to 187 Pa and a manufacturer specified uncertainty at the 95 % confidence level 

of ± 0.8 % of reading. The measured differential was then used to calculate the airflow 

rates as described in Davis, Healy et al. (2014) for the HVAC system and recorded every 

3 s when the indoor fan was running and every 10 s when the indoor fan was not running. 

The fraction of the HVAC airflow going to the basement (QHB) compare to the living zone 

(QHL), 10%, was determined using a balometer periodically throughout the study period 

(manufacturer stated accuracy of ±3% + 8.5 m3 h−1). The recorded values of this sensor 

were integrated at hourly timesteps to create the inputs for the QHi and QiH airflows in 

IECCU. Erroneous airflow data were recorded less than 5 % of the time over the five 

years of data acquisition (see Supporting Information). These erroneous data points were 

replaced in the same manner as the temperature data. The variations of quantified airflows 

for Simulation 1 and Simulation 3 are illustrated in Figure S.4 and Figure S.6, respectively.

IECCU Sources

TCPP emission from SPF was simulated using the diffusion model in IECCU, which 

requires user input for the initial TCPP concentration in the SPF source (C0), the TCPP 

partition coefficient between SPF and air (KSPF/air), the TCPP diffusion coefficient in SPF 

(DSPF) and the convective mass transfer coefficient on the SPF surface (hm, SPF) (Table 2).

Initial TCPP concentration in SPF.—The initial TCPP concentration in the SPF (C0) 

was estimated from mass fraction measurements for similar open cell SPF (Poppendieck, 

Gong et al. 2017). The density of the open cell SPF in the NZERTF was 7 kg m−3 

(Poppendieck, Gong et al. 2017). The initial TCPP concentration of similar open cell SPF 

with a density of 8.3 kg m−3 was 12.5 % TCPP by mass (Gong and Poppendieck 2019). This 

value is similar to ranges reported in formulations by Sebroski (2012) (8 % to 15 %). The 

bulk TCPP concentration in SPF remains relatively constant over the simulation time frame 

given the relatively small TCPP mass that it emits (1 g y−1 to 3 g y−1, based upon 10 μg m2 

h−1 Poppendieck, Schlegel et al. (2016)) compared to approximately the 6 kg TCPP mass 

total in the SPF in the building.
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Partition coefficient.—There are various methods proposed to estimate KSPF/air based on 

other parameters such as the octanol-water partition coefficient (Huang and Jolliet 2019). 

Estimated KSPF/air values were used for simulating TCPP emission from SPF based on 

existing literature (Bevington, Guo et al. 2017, Tian, Sebroski et al. 2017). However, these 

estimated values vary by up to three orders of magnitude depending on the estimation 

method used (Tian, Sebroski et al. 2017). In addition, the available empirical correlations 

for estimating KSPF/air were derived without measurement data for the TCPP partition 

coefficient between either SPF or non-SPF polyurethane foam and air.

To the best of our knowledge, no measured value for the TCPP partition coefficient between 

open cell SPF and air (KSPF/air) has been reported in the literature. Liang, Liu et al. (2018) 

measured the TCPP KSPF/air for a closed cell SPF sample (5.3 × 107 at 23 °C). However, 

the KSPF/air for open cell is likely to be significantly smaller than the KSPF/air for closed cell 

SPF given that the airborne TCPP concentrations in microchambers with open cell SPF were 

reported to be two orders of magnitude higher than the concentrations in microchamber with 

closed cell SPF (Poppendieck, Gong et al. (2017)).

The only measurement for TCPP partition coefficients between open cell polyurethane foam 

and air was reported by Liu, Allen et al. (2016). In Liu et al. (2016), airborne TCPP 

concentrations adjacent to non-SPF open cell polyurethane foam surface were first measured 

and then the partition coefficients were derived by combing the measured concentrations 

with TCPP vapor pressure reported in the literature. Liu, Allen et al. (2016) summarized 

the reported TCPP vapor pressures, most of which ranged from 0.0014 Pa to 1.2 Pa at 25 

°C and suggested the variation is due to impurities. As a result, Liu, Allen et al. (2016) 

choose 0.014 Pa from the European Union Risk Assessment Report (2008) to calculate 

the partition coefficients. Given that the partition coefficient between non-SPF type of 

open cell polyurethane foam and air by Liu, Allen et al. (2016) was the closest measured 

approximation to KSPF/air, that value was used as KSPF/air in this study (Table 2). This 

value, 4.4 × 106 at 25 °C, is within the range of values estimated by Tian et al. (2017)), 

but lower than the 5.3 × 107 at 23 °C measured by Liang, Liu et al. (2018) for closed 

cell SPF. In addition, the variation of partition coefficient as a function of temperature 

determined by Tian et al. (2017) and included in IECCU was used to calculate KSPF/air at 

other temperatures.

Diffusion coefficient in SPF.—The diffusion coefficient (DSPF) at 25 °C used in this 

study (Table 2), i.e. 8.6 × 10−11 m2 h−1, is an average value for non-SPF open cell 

polyurethane foams measured by Liu, Allen et al. (2016), as there are no available values 

for TCPP diffusion coefficients in SPF in the literature. The TCPP diffusion coefficients 

by Liu, Allen et al. (2016) were determined in part using the correlation between diffusion 

coefficient ratio and molecular weight ratio of two chemicals and using tris(2-chloroethyl) 

phosphate (TCEP) as the reference chemical. In addition, DSPF at other temperatures were 

calculated using the equation relating diffusion coefficient and temperature determined by 

Tian et al. (2017) that is included in IECCU.
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Convective mass transfer coefficient on the SPF surface.—The convective mass 

transfer value (hm, m h−1) was calculated based upon the Sparks method as explained by 

Guo (2005):

hm = 0.33DaL‐1/3 uρ
μ

2/3 3600s
ℎ

(2)

where Da is the TCPP diffusion coefficient in air (m2 s−1), L is the characteristic length (m), 

υ is the mean air velocity (m s−1), ρ is the density of air (kg m−3), and μ is the viscosity of 

air (kg m−1 s−1). The Da, ρ and μ values were calculated at the average temperature value for 

the simulations using USEPA’s PARAMS (Guo 2005). For the diffusion coefficient, Da, the 

FSG1 method in PARAMS software was chosen. The relative humidity was assumed to be 

50 % for the air density calculation, ρ. The mean air velocity value of 0.05 m s−1 was chosen 

from the range presented in Guo (2005). The characteristic length, L, was calculated as the 

square root of the SPF surface area (Table 2).

IECCU Sinks

Sorption of TCPP to surfaces was only simulated for surfaces where TCPP partition and 

diffusion coefficients were available in the literature (Liu, Allen et al. 2016), i.e., gypsum 

wallboard and concrete. The surface areas of the sorbing surfaces in each zone were 

measured and are listed in Table 2. The thickness of gypsum board and concrete was 

assumed to be 0.012 m and 0.1 m, respectively. The partition and diffusion coefficients used 

were from Liu, Allen et al. (2016) (Table 2). The convective mass transfer coefficient was 

calculated in the same manner as described in the source section. For walls the characteristic 

length, L, was determined as the square root of the area of the walls in the zone divided by 

four. The mass transfer coefficients hm (gypsum -walls) and hm (gypsum -ceiling) were both 0.53 

m h−1. The limitations discussed in the source section for these parameters also applies to 

the sink coefficients. In addition, the partition and diffusion coefficients for sinks do not vary 

with temperature in the IECCU.

The major surfaces that were not included in this analysis were the finished wood floors on 

the 1st and 2nd floors and the exposed unfinished wood on the ceiling of the basement and in 

the attic.

IECCU Simulation conditions

Simulation Periods.—IECCU can run simulations at a resolution of 1 h but can only 

output a maximum of 5000 data points. For consistency all three simulations began on July 

1st, 2013, run for 45000 h and generated output data every 9 h. For comparison, airborne 

TCPP concentration measurements typically lasted between 3 h and 4 h.

The SPF was applied to the building around January 1st, 2012 but the collection of NZERTF 

airflow and temperature data started on July 1st, 2013. A preliminary analysis showed that 

starting simulations on July 1st, 2013 (when the building operation data were first being 

recorded in the NZERTF) rather than January 1st, 2012 (when the SPF was applied) had 
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less than a 1 μg m−3 impact on the airborne concentration results over the time period of 

measured airborne TCPP samples (Figure S.7).

Initial TCPP concentration in air.—The IECCU model allows a non-zero initial 

concentration of a chemical to be used as a model input. Because this value was not 

measured, the initial concentration in air on July 1st, 2013 in the basement was estimated 

to be 4.3 μg/m3 by multiplying the TCPP concentration measured in the basement on July 

1st, 2014 by the ratio of average measured TCPP concentrations in the air in 2014 and 

2015 (ratio=1.5). The initial airborne TCPP concentration in the air on July 1st, 2013 in the 

living, floorspace, and HVAC zones of the IECCU were assumed to be half of the TCPP 

concentration in the basement. The initial concentration in the Attic zone of the IECCU was 

assumed to be a quarter of the TCPP concentration in basement.

Measured TCPP Concentrations

Total airborne (gas and particle phase) TCPP measurements were made in the basement 

and 1st floor of the NZERTF between 2014 and 2018 (Poppendieck, Gong et al. 2019). 

Triplicate or duplicate samples were taken using dual Tenax tubes sampled at a rate of 50 

mL min−1 for 3 h to 4 h. The dual sorbent tubes were connected in series with the second 

tube used to check for breakthrough of the first tube. Sample tubes were analyzed using 

thermal desorption, gas chromatograph mass spectrometer analysis. The two primary TCPP 

conjugates were quantified using methanol diluted neat standards spiked onto sorbent tubes. 

Method detection limits for TCPP in air were 0.21 μg m−3 to 0.70 μg m−3. Details of the 

analysis method are summarized in Poppendieck, Gong et al. (2019). For days with triplicate 

samples (21 out of 29 days), standard deviations were determined and are displayed in the 

result figures. For days with duplicate samples, only the average value is displayed.

From July 18, 2014 through July 28, 2014, two perturbations to the NZERTF operation were 

performed as described in Poppendieck, Ng et al. (2015). First, the temperature was raised 

by 8 °C (32 °C) for five days with normal ventilation rates (0.22 h−1, July 18, 2014 through 

July 22, 2014). Next, the building was allowed to cool for four days (July 23, 2014 through 

July 26, 2014). Finally, the temperature was restored to 24 °C, and the ventilation rate was 

decreased to 0.02 h−1 for two days (July 27, 2014 through July 28, 2014). These changes are 

reflected in Simulations 1 and 3. TCCP concentrations were measured after at least two days 

of the perturbations, allowing the NZERTF to reach steady state operation.

Model fit assessment

The IECCU model fit was assessed by comparing modelled TCPP concentrations to 

measured values in the same zone and time period using normalized mean square error 

(NMSE) and linear correlation analysis as described in ASTM Guide D5157 (ASTM 2019). 

The guide defines models to be “indicative of adequate model performance” when the linear 

correlation coefficient is greater than 0.9, the regression slope is between 0.75 and 1.25, the 

intercept is less than 25 % of the average concentration, and the NMSE is not larger than 

0.25.
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Sensitivity analysis

A sensitivity analysis was conducted by varying one parameter at a time while keeping other 

parameters at baseline values. The parameter values for Simulation 1 were used as baseline 

values. A total of 20 different parameters were varied individually to indicate the impact of 

each parameter on the IECCU model outputs. Four airflow related parameters along with 

sixteen mass transfer related parameters were varied.

Interzonal leakage areas in single-family residential buildings have been shown to be up to 

ten times greater than the exterior leakage areas (Emmerich, Gorfain et al. 2003, Ng, Kinser 

et al. 2019). Ng, Kinser et al. (2019) calculated relative measurement 95 % confidence 

intervals of less than 10 % for interzonal leakage areas in the NZERTF. To be conservative 

interzonal leakage areas (between the basement and living zones and the living and attic 

zone) were varied by a factor of two larger and smaller than the values used in Simulation 

1. Exterior leakage areas and the fraction of HVAC going to the basement were simulated at 

values 20 % larger and smaller than the baseline values.

As noted above, estimated SPF partition coefficients vary by three orders of magnitude 

(Tian, Sebroski et al. 2017). Furthermore, the vapor pressure used for estimating the 

partition coefficients used as the baseline value for Simulation 1 may vary by seven orders 

of magnitude (Liu, Allen et al. 2016). In addition to the variability in vapor pressure used 

in the calculation by Liu, Allen et al. (2016), there was also sample variability. Partition 

coefficients for duplicate non-SPF polyurethane foam samples and gypsum wallboard had 

differences of 30 % and 26 %, respectively. Diffusion coefficients for duplicate non-SPF 

polyurethane foam samples had a difference of 83 %, while the difference was 75 % 

for gypsum wallboard. Given these variabilities, the sensitivity of partition and diffusion 

coefficients for SPF, gypsum wallboard and concrete were analyzed at values one order of 

magnitude larger and smaller than the baseline values used in Simulation 1.

When estimating the initial TCPP concentration used in this study, TCPP in SPF by mass 

was assumed to be 12.5 % (Gong and Poppendieck 2019). Open cell SPF formulations by 

Sebroski (2012) ranged from 8 % to 15 %. As a result, the initial TCPP concentration was 

varied by a factor of two in this sensitivity analysis. Of the parameters that impact the mass 

transfer coefficients (Equation 2), the mean air velocity is the only parameter that has more 

than 5 % variability at the temperature ranges in the NZERTF basement. Mean air velocity 

above a surface can range from 0.05 m s−1 to 0.1 m s−1 (Guo 2005). This range correlates to 

a range of mass transfer coefficients for SPF from 0.81 m h−1 to 1.28 m h−1 (Simulation 1, 

run at 21 °C, had a baseline mass transfer coefficient value of 0.81 m h−1). As a result, the 

mass transfer coefficients were varied by a factor of two larger and smaller than the values 

used in Simulation 1.

The surface areas and thicknesses of SPF, gypsum wallboard and concrete were tested at 

values 20 % larger and smaller than the baseline values. This variation may result from 

measurement error, roughness of SPF surface, or estimation error for the gypsum area in the 

attic.
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Results and Discussion

Comparison of IECCU simulation predictions and measurements.

The measured airborne TCPP concentrations in the basement were first compared with 

predictions from Simulation 1 (best available inputs) (Figure 2). Simulation 1 captured the 

concentration increase and decrease during the perturbation period in July 2014 (Figure S.9). 

However, Simulation 1 generally predicted higher concentrations than the measurements in 

the basement. In general, basement TCPP concentrations predicted using quantified inputs 

(Simulation 1) are 2 μg m−3 to 4 μg m−3 lower than predicted values using design inputs 

(Simulation 2). The abrupt increases and decreases in the Simulation 2 data correspond to 

the seasonal temperature changes associated with the thermostat setpoints in all zones: 23.9 

°C in May to October and 21.1 °C the rest of the year (average 22.5 °C). The average 

temperature of the basement zone in Simulation 1 was 21.1 °C (standard deviation = 1.1 °C). 

This 1.4 °C average temperature difference may contribute to the basement concentration 

differences between Simulation 1 and Simulation 2 as temperature increase will decrease 

the partition coefficients and increase the diffusion coefficients, which result in 10 % higher 

emission rates on average (Figure S.8).

The predictions by Simulation 2 do not capture the daily concentration variations and 

general trend of measurement as well as Simulation 1 does. The typical daily variation 

of basement TCPP concentration due to diurnal temperature and airflow variations in 

Simulation 1 was 0 μg m−3 to 2 μg m−3 (inset Figure 2). For example, on June 6th, 2014 

(06/06/14 on Figure 2), the maximum temperature difference was 0.5 °C and the maximum 

airflow difference for QLB, QBL, QLH, QHL and QHB were 0 m3 h−1, 81 m3 h−1, 829 m3 

h−1, 748 m3 h−1, and 81 m3 h−1, corresponding to a 2 μg m−3 diurnal concentration variation 

in Simulation 1. However, on the same day (June 6th, 2014), the TCPP concentration 

variation predicted by Simulation 2 varied by less than 0.1 μg m−3, while the diurnal 

temperature difference was zero and the maximum airflow differences for QLB, QBL, QLH, 

QHL and QHB were 0 m3 h−1, 0 m3 h−1, 330 m3 h−1, 281 m3 h−1, and 50 m3 h−1. The 

difference between design and quantified input data becomes more obvious when the actual 

temperature and airflow conditions varied significantly in a short period of time, such as the 

perturbation period in July 2014. Overall, the differences between Simulation 2 predictions 

and measurements ratios of 1.0 to 8.3 were larger than the differences between Simulation 1 

predictions and measurements ratios of 0.5 to 5.4. This indicates the importance of accurate 

temperature and airflow inputs for estimating TCPP concentrations and exposure, especially 

for short-term exposure.

For point-to-point comparisons, the concentrations closest in time to the sampling starting 

point were selected from the Simulation 1 output. The ratios between predictions and 

measurements in the basement increased with time. In 2014 the average concentration ratio 

was 1.6 (standard deviation = 0.7, n = 12); in 2015, the average ratio was 2.9 (standard 

deviation = 0.7, n = 4); in 2016, the ratio was 3.6 (n=1); in 2018, the average ratio was 

4.7 (standard deviation = 0.5, n = 5). The change of in the ratio is consistent with the fact 

that the measured concentrations in the basement decreased 50 % between 2014 (average of 

non-perturbation samples = 2.77 μg m−3, standard deviation = 0.18 μg m−3, n = 7) and 2018 
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(average = 1.29 μg m−3, standard deviation = 0.21 μg m−3, n = 12), while the predictions 

only decreased 12 %.

The short-term temperature perturbation from July 18, 2014 through July 22, 2014 resulted 

in increased predicted TCPP concentrations for both Simulation 1 and 3 (Figure S.9). 

The ratio between the measurements (taken on July 22, July 23, July 25 and July 26, 

2014) and the predicted concentrations averaged 1.3 for both simulations. When the house 

ventilation rate was reduced and the temperatures returned to normal operation conditions 

(July 29, 2014), the measured and predicted concentrations reduced and had an average 

ratio of 1.2. Measurements taken on July 25, 2014 and July 26, 2014, when the building 

was transitioning to cooler internal temperature settings, were higher than the predictions 

(average measured to predicted ratio was 0.5 for Simulation 1 and 3). This is likely due to 

the models accounting for high HVAC airflows to the basement due to cooling conditions. 

Overall, comparisons between predictions and measurements during and shortly after the 

perturbation period demonstrates that IECCU can respond to changes of input temperature 

and airflow data on a time scale of days.

Simulation 1 and 3 differed in the building configurations (Attic and Floorspace, Figure 

1) and the location and amount of SPF. The temperature and airflow inputs were prepared 

separately for Simulation 1 and 3 as described in Methods, while all other parameters were 

consistent between the simulations. Figure 2 shows that the basement TCPP concentration 

predictions by Simulation 3 were, on average, 12 % lower than predictions from Simulation 

1.

Figure 3 shows that the measured TCPP concentrations in the living zone from Simulation 

3 were, on average, 32 % higher than the predictions from Simulation 1. The average 

airflows between the floorspace and living zone (QLF and QFL) were small, i.e. 0.3 m3 

h−1 and 0.4 m3 h−1, compared to the average QBL (57.2 m3 h−1). This may explain why 

the emission from the 15 m2 SPF source in the floorspace did not significantly increase 

the TCPP concentrations in other zones, even though the emission rates from SPF in the 

floorspace were on average 18 % higher than the emission rates from SPF in the basement 

(Figure S.8). The differences between individual airflows for Simulation 1 and 3 were less 

than 0.5 m3 h−1 except the airflow from the basement to living zone (QBL). The average 

QBL (82.3 m3 h−1) for Simulation 3 was higher than the average QBL (57.2 m3 h−1) for 

Simulation 1. This is consistent with the lower predicted concentrations in the basement and 

the higher predictions in the living zone by Simulation 3 compared to Simulation 1.

All simulations predicted concentrations lower than the measurements in the living zone 

(Figure 3). In 2014 the average living zone concentration ratio between Simulation 1 

prediction and measurement was 0.5 (standard deviation = 0.1, n = 3); in 2015, the average 

was 0.4 (standard deviation = 0.1, n = 4). The fact that simulation predictions were lower 

than the measurements in the living zone, but higher than the measurements in the basement 

indicates that the input for airflows, especially airflow between the basement and the living 

zone may not be accurately quantified. These inaccuracies may be due to difficulties in the 

measurement of interzonal airflows and the corresponding measurement errors (Ng et al., 

2018). The difference between the predictions and measurements may also be partly due to 
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the uncertainty of other inputs including temperature, building configuration, and parameters 

related to sources and sinks. In addition, only gypsum and concrete were included as the 

adsorption surfaces in the simulations in this study, while the predicted concentrations in the 

basement may decrease if adsorption to other surfaces, such as wood and furniture, were 

included in the simulations.

Model fit assessment

Each simulation was evaluated by comparing simulated and measured TCPP concentrations 

using metrics described in ASTM Guide D5157 (ASTM 2019), i.e., normalized mean square 

error (NMSE), correlation coefficient, slope and intercept (Table 3). Simulation 1 and 3 had 

similar performance, with both much better than Simulation 2. However, based on the four 

performance metrics, all three simulations don’t meet the suggested adequate performance 

criteria as described in ASTM Guide D5157 (ASTM 2019) when compared to measured 

airborne TCPP concentrations in the basement. The poor predictive performance may be 

due to both the error related to the measured data and error related to IECCU simulations. 

Besides the HVAC zone, only three zones are allowed in IECCU, so some zones in the 

NZERTF had to be combined. This may result in discrepancy between the real airflows and 

temperatures in the NZERTF and the input airflows and temperatures used in the IECCU 

model. In addition, as described in the methods section, most of the parameters, especially 

the ones related to sources and sinks, may have large uncertainties, which will influence the 

IECCU predictions. The influences of input parameter uncertainty on IECCU prediction are 

discussed in more detail in the sensitivity analysis section.

Parameter sensitivity analysis.

A sensitivity analysis was conducted for 20 parameters by varying one parameter at a time 

as described in the Methods. For each parameter, two simulations were run by setting a 

high and low value for that parameter while keeping all other inputs the same as Simulation 

1 (baseline). Variations of the predicted concentrations in the basement when the input 

parameters are varied are summarized in Table S.2. Figure 4 shows that as C0 increases, 

the predicted TCPP concentration increases proportionally and the relative change of TCPP 

concentration doesn’t vary with time. The Biot number divided by the partition coefficient 

compares the resistance of the convective mass transfer over a material surface to the mass 

transfer resistance of diffusion within that material (ASTM 2017). If the ratio is greater 

than 35, then emission from the material will be controlled mainly by diffusion within the 

material, while if the ratio is less than 1, then the emission will be controlled primarily 

by diffusion of the chemical from the surface to the bulk air. The Biot/KSPF/a ((hm, SPF 

LSPF/DSPF)/KSPF/a) for SPF in the baseline Simulation 1 was 22, which indicates both the 

diffusion process and convective mass transfer process can be rate controlling steps for 

TCPP emission from SPF. Hence, as shown in Table S.2 and Figure 5 through Figure 7, 

the emissions of TCPP from SPF are sensitive to all the mass transfer parameters, i.e. the 

partition, diffusion, and mass transfer coefficient (KSPF/a, DSPF, and hm, SPF). As KSPF/a 

increases, the predicted TCPP concentration decreases (Figure 5), while as hm, SPF and 

DSPF increase, the predicted TCPP concentration increases (Figure 6 and Figure 7). The 

relative change of TCPP concentration due to the change of KSPF/a (Figure 5) decreases with 

time. This is due to the fact that when KSPF/a decreased by a factor of ten, the Biot/KSPF/a 
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increased to 220 (Table S.3). Hence, the emissions were mainly limited by diffusion in 

the SPF and, therefore, the predicted concentrations decayed significantly during the initial 

periods (blue line in Figure 5). Similarly, when DSPF decreased and hm, SPF increased, the 

Biot/KSPF/a also increased (220 and 43 respectively) so that the relative resistance of the 

internal diffusion process increased, and thus the decay of the concentration in the early 

period increased (blue line in Figure 6 and orange line in Figure 7).

As the area of SPF (ASPF) increases, the predicted TCPP concentration increases 

proportionally (Figure S.16). In contrast, as Aconcrete and Agypsum increase (Figure S.17 and 

Figure S.18), the TCPP concentration predictions decrease since the sink sorption increases 

as their areas increase. Similarly, as the sinks’ diffusion coefficient increases, or partition 

coefficient increases, or convective mass transfer coefficient increases, the sorption to sinks 

increases which results in lower predictions (Table S.2).

Increasing the fraction of HVAC airflow going to the basement decreased the predicted 

basement concentrations (Figure S.19), although the relative impact on the basement 

concentrations was less than the impact of SPF mass transfer parameters (Table S.2). 

Changing the leakage areas input into the CONTAM model changed the average predicted 

concentrations by less than 1 % (Table S.2).

The sensitivity analysis also allows comparison of the relative importance of the 20 analyzed 

parameters. Figure 8 ranks the change in the average concentration for the high and low 

values compared to the baseline Simulation 1 average concentration. The elasticity score 

(relative change of output compared to the relative change of input parameter) shown in 

Figure S.21 shows a similar trend in the parameters. For both analyses the model is most 

sensitive to the SPF/air partition coefficient (KSPF/a) and the initial concentration of TCPP 

in the SPF (C0). The predictions are not sensitive to the variation of the thickness of SPF, 

gypsum and concrete (Table S.2, Figure S.20). This indicates that emission of TCPP from 

SPF is not limited by the diffusion at the depth of thickness of the material. For adsorption 

to gypsum and concrete, TCPP may not have diffused to the depth of their thicknesses in the 

modeled time frame.

Model fit assessment metrics were calculated for the 32 mass transfer related simulations 

conducted in the sensitivity analysis (Table S.3) and compared to the baseline fit (Simulation 

1). The NMSE decreased by at least 1.3 for simulations using both low and high KSPF/a 

values and for the simulation using the high C0 value. All other parameters changed the 

NMSE by 0.7 or less. Change of KSPF/a and C0 also resulted in the largest change in slope 

(greater than 0.5). The largest changes in correlation coefficient (greater than 0.1) were the 

result of using both KSPF/a values, the low Kgypsum/a value and the high DSPF value. The 

largest intercept changes (>100 %) were the results of using the high KSPF/a, high C0, and 

high DSPF values.

Overall, given the simulation conditions and the parameter variation ranges described above, 

the predicted TCPP concentration and model fit assessment metrics are more sensitive to 

mass transfer parameters related to the source (SPF) than the mass transfer parameters 

related to sinks. Hence, to improve the accuracy of IECCU predictions for TCPP emission 
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from SPF, more effort is needed to accurately measure and characterize variability of 

the mass transfer parameters for SPF, especially C0 and KSPF/a. In addition, continued 

development and refinement of methods to predict model inputs based on available 

measured data from similar chemicals are recommended (Huang and Jolliet 2019).

Besides improvement of inputs, IECCU itself may also be improved to increase the 

prediction accuracy. Currently only three conditioned zones are allowed in IECCU. Adding 

more zones may allow more accurate input of temperatures and interzonal airflows. In 

addition, when simulating the emission from SPF using the diffusion model in IECCU, 

only one layer of material is allowed. However, SPF is often covered with gypsum 

wallboard. Hence, incorporating a diffusion model with multiple layers of materials may 

broaden the application range of IECCU. In addition, allowing the variation of mass 

transfer parameters related to sinks with temperature may improve the prediction accuracy. 

Furthermore, the number of data points that can be output from IECCU are limited to 5 000. 

Allowing more output datapoints will increase the time resolution of output and allow better 

comparison between predictions and measurements, especially when the concentration can 

vary significantly due to diurnal perturbations.

Conclusions

IECCU is the most recently developed USEPA indoor exposure model that can predict 

chemical emissions from sources and sorption to sinks. To evaluate IECCU, this study 

compared measured TCPP concentrations from 2013 to 2018 in a test house to IECCU 

predictions under three simulation conditions combining different building configurations, 

and different airflow and temperature inputs. Overall, given the best available inputs 

(Simulation 1), IECCU predicted basement concentrations that were generally higher, but 

within an order of magnitude, of the measured values (average ratio 2.9, range 0.5 to 8.3), 

while the predicted concentrations in the living zone were generally lower, but also within 

an order of magnitude of the measurements. The accuracy of the IECCU predictions from 

Simulation 1 decreased with time. For Simulation 1, the IECCU predicted concentrations 

in the basement were 1.4 times higher than the measured values within the first two years, 

but the ratio increased to 4.7 after five years. This trend of predictive accuracy change may 

be related to the uncertainty of the inputs. Comparing Simulation 1, with quantified input 

for temperature and airflow, and Simulation 2, with estimated input for temperature and 

airflow, demonstrates the importance of accurate temperature and airflow inputs for more 

accurately predicting concentrations and for better capturing the concentration variations due 

to perturbations. A sensitivity analysis for 20 input parameters indicated that to improve 

the accuracy of IECCU predictions for TCPP emission from SPF, efforts are needed to 

accurately measure the mass transfer parameters for SPF, especially source/air partition 

coefficient (KSPF/a) and the initial concentration of the chemical in the source material (C0).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Airborne tris(1-chloro-2-propyl) phosphate (TCPP) concentrations are 

detected years after application of spray polyurethane foam (SPF).

• Using measured building parameters improves model performance compared 

to using default design parameters.

• Indoor Environmental Concentrations in Buildings with Conditioned and 
Unconditioned Zones (IECCU) model predictions can be improved through 

better parameterizing source-related mass transfer inputs.
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Figure 1. 
Building configurations used in IECCU simulations. Airflow (Q) subscripts: Outside (O), 

Attic (A), Living Area (L), Basement (B), HVAC system (H), Floorspace (F).
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Figure 2. 
Comparison of TCPP concentrations in the basement simulated using quantified input 

(Simulation 1, Attic Configuration and Simulation 3, Floorspace Configuration) and 

estimated input (Simulation 2, Attic Configuration). Error bars on triplicate measured 

samples represent two standard deviations.

Poppendieck et al. Page 23

Build Environ. Author manuscript; available in PMC 2024 March 18.

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript

N
IS

T
 A

uthor M
anuscript



Figure 3. 
Comparison of living zone TCPP concentrations simulated using measured data, quantified 

input data (Simulation 1, Attic Configuration and Simulation 3, Floorspace Configuration). 

Error bars on triplicate measured samples represent two standard deviations.
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Figure 4. 
TCPP basement concentration predictions for factor of two changes in the initial TCPP 

concentration in the SPF. Error bars on triplicate measured samples represent two standard 

deviations.
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Figure 5. 
TCPP basement concentration predictions for order of magnitude changes in the SPF 

partition coefficient. Error bars on triplicate measured samples represent two standard 

deviations.
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Figure 6. 
TCPP basement concentration predictions for order of magnitude changes in the SPF 

diffusion coefficient. Error bars on triplicate measured samples represent two standard 

deviations.
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Figure 7. 
TCPP basement concentration predictions for factor of two changes in the SPF mass transfer 

coefficient, hm, SPF. Error bars on triplicate measured samples represent two standard 

deviations.
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Figure 8. 
Ratio of average concentration for high and low parameter value and the average 

concentration from Simulation 1. Positive/negative signs indicate high/low parameter values. 

Legend refers to the range of values tested. Parameters defined in Table S.2
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Table 1.

Simulation building configurations and data sets

Simulation Building Configuration Input Data for Building Operations

1 Attic Quantified

2 Attic Design

3 Floorspace Quantified
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Table 2.

TCPP and zone size input parameters for IECCU model (at 25 °C)

Parameters Value Unit

Volume of building zone

Attic 159 m3

Living area (1st and 2nd floors) 856 m3

Floorspace 48 m3

Basement 460 m3

HVAC 14.8a m3

Source - SPF

Initial TCPP concentration, C0 8.8 × 108 μg m−3

Partition coefficient between SPF and air, KSPF/a 4.4 × 106 b unitless

Diffusion coefficient, DSPF 8.6 × 10−11 b m2 h−1

Convective mass transfer coefficient, hm, spf 0.81 m h−1

Exposed surface area – basement, ASPF 15 m2

Exposed surface area – floorspace 15 m2

Thickness of SPF, LSPF 0.1 m

Sink - gypsum board

Partition coefficient between gypsum board and air, Kgypsum/a 4.3 × 106 b unitless

Diffusion coefficient, Dgypsum 1.7 × 10−9 b m2 h−1

Convective mass transfer coefficient, hm, gypsum 0.53 m h−1

Exposed surface area - attic 218 m2

Exposed surface area - living 959 m2

Exposed surface area - floorspace 114 m2

Exposed surface area - basement 165 m2

Thickness of gypsum, Lgypsum 0.012 m

Sink - concrete

Partition coefficient between concrete and air Kconcrete/a 5.4 × 106 unitless

Diffusion coefficient, Dconcrete 3.7 × 10−10 m2 h−1

Convective mass transfer coefficient, hm, concrete 0.57 m h−1

Exposed surface area – basement, Aconcrete 122 m2

Thickness of concrete, Lconcrete 0.1 m

a
1 % of house volume

b
Average of measured values from Liu, Allen et al. (2016)
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Table 3.

Model fit parameters for each simulation.

Simulation 1 Simulation 2 Simulation 3
Range from Sensitivity 

Analysis of Simulation 1
ASTM Guideline 

Criteriab

Normalized mean 
square error (NMSE) 0.64 1.31 0.48 0.44 to 4.0 < 0.25

Correlation coefficient 0.66 0.51 0.70 0.47 to 0.76 > 0.9

Slope 0.58 0.17 0.63 0.06 to 1.47 > 0.75, < 1.25

Intercept a 122% 256% 92% 7% to 271% < 25%

a
Presented as percentage of average measured concentrations (μg m−3)

b
ASTM D5157 (ASTM 2019)
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