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This paper describes a laboratory project to assess the accuracy of 

emission and Indoor air quality models to be used In predicting 

formaldehyde ( HCHO) concentrations In residences due to 

pressed-wood products made with urea-formaldehyde bonding res­

ins. The products tested were particleboard underlayment, hard­

wood-plywood paneling and medium-density fiberboard (mdf). The 

products were Initially characterized In chambers by measuring 

their formaldehyde surface emission rates over a range of formal­

dehyde concentrations, air exchange rates and two combinations of 

temperature and relative humidity (23° C and 50% RH; 26°C and 

60 % RH). They were then Installed In a two-room prototype house 

In three different combinations (underlayment flooring only; under­

layment flooring and paneling; and underlayment flooring, paneling, 

and mdf). The equlllbrlum formaldehyde concentrations were moni­

tored as a !unction of air exchange rate. Particleboard underlay­

ment and mdf, but not paneling, behaved as the emission model 

predicted over a large concentration range, under both sets of 

temperature and relative humidity. Good agreement was also ob­

tained between measured formaldehyde concentrations and those 

predicted by a mass-balance indoor air quality model. 

Formaldehyde (HCHO) has been implicated as an indoor air 
pollutant causing both irritation and damage to health.1·2 A 
principal formaldehyde source in residences is pressed-wood 
products made of urea-formaldehyde bonding resins, such as 
particleboard, plywood and medium-density fiberboard 
(mdf). 

One would like to be able to predict a house's formalde­
hyde concentration from a characterization of the pressed­
wood products inside it. Characterizing pressed-wood prod­
ucts is a complicated task. Formaldehyde surface emission 
rate depends on temperature, relative humidity (RH), ambi­
ent formaldehyde concentration, as well as the history of the 
product.:1 1 ~ Fick's first law of diffusion, which states that 
the rate of diffusion of a gas between two points is propor­
tional to the concentration gradient hetween them, implies 
that formaldehycle surface emission rate is linear in concen­
tration, with negative slope. This behavior pattern of 
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pressed-wood products was observed by many investiga­
tors.3-12 Oak Ridge National Laboratory (ORNL) derived an 
empirical formaldehyde emission-rate model that general­
ized Fick's Law model, predicting surface emission rates of 
pressed-wood products for various combinations of ambient 
temperature, RH and formaldehyde concentration from 
knowledge of the surface emission rate under standard cond­
tions of 23°C, 50% RH, and ambient formaldehyde concen­
tration of 100 ppb.s,12 

The Consumer Product Safety Commission (CPSC) re­
quested that the National Bureau of Standards (NBS, now 
the Institute of Standards and Technology) validate the 
emission model based on Fick's diffusion law, the ORNL 
generalization of this model, and test a simple mass-balance 
indoor air quality model which could be used to predict 
formaldehyde concentrations in residences due to pressed­
wood products. ORNL derived the parameters of the emis­
sion models using "small-size" chambers having a volume of 
7 ft3 (0.2 m3) that required that the pressed-wood products, 
which are usually installed in buildings as intact 4 X 8-ft (1.2 
X 2.4-m) boards, be cut into much smaller pieces. Tests by 
ORNL in an unoccupied research house, agreed with the 
predictions of the laboratory models fairly well. 13 In order to 
completely characterize full-size products, "medium-size" 
chambers were designed and constructed. Medium-size dy­
namic measuring chambers with a volume of 64 ft3 (1.8 m3), 
which is large enough to accommodate one intact board 
each, were installed in a very large temperature- and RH­
controlled environmental chamber at NBS. A two-room pro­
totype house was also built in the environmental chamber to 
validate the models' abil;ty to predict formaldehyde concen­
trations in residences. 

Experimental Procedures 

Medium-Size Dynamic Measuring Chambers 

The medium-size dynamic measuring chambers used for 
determining formaldehyde surface emission rates of individ­
ual pressed-wood products are shown schematically in Fig­
ure 1. The interior dimensions are 4 X 8 X 2 ft (1.2 X 2.4 X 0.6 
m), for a volume of 64 ft~ (1.8 m~). All inner exposed surfaces 
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Figure 1. Schematic of medium-size chamber for measuring 
HCHO emission rates. 

were lined with teflon sheets to mm1m1ze formaldehyde 
sorption. Two small DC fans with a rated capacity of 15 ft3/ 
min (7 L/s) were installed at both ends of the chambers to 
supply and exhaust the air. Three valves in the system con­
trolled the amount of air brought in, exhausted, and recircu­
lated. The fans were run at constant speed and the air ex­
change rate was controlled by the three valves in order to tTy 
to maintain a constant air velocity over the sample as the air 
exchange rate was varied. (The velocity was not measured.) 
The outlet valve was usually adjusted to slightly pressurize 
the chamber thus assuring that air entered only through the 
inlet. Further details of the dynamic measuring chambers 
are given in Reference 10. 

Air exchange rates were measured using a tracer-gas decay 
method. Sulfur hexafluoride (SFG) tracer gas was injected 
into the inlet of the chamber and sampled at the outlet. The 
formaldehyde concentration was also sampled at the outlet. 
Mixing in the chamber was maintained by passive means. 
The inlet and outlet manifolds were designed to cause circu­
lating turbulent flow in the chamber. Good air mixing within 
the chambers was demonstrated by replacing one side of a 
chamber with plexiglass to permit smoke visualization of the 
air-flow pattern. The smoke density quickly became uni­
form in the chamber and there appeared to be no dead spots. 

Two-Room Prototype House 

The two-room prototype house installed in the environ­
mental chamber is shown schematically in Figure 2. The 
interior dimensions were 10 X 20 X 8 ft (3 X 6 X 2.4 m), for a 
volume of 1600 ft:l (45 m0). The two equal-sized rooms were 
connected by a doorway which was left open during testing. 
The floor, ceiling, and sidewalls were lined with a polyethyl­
ene vapor barrier, which was covered by gypsum board. The 
prototype house had two supply registers and two return 
registers, one near the ceiling and one near the floor of each 
room. Two duct-booster fans were used to supply and ex­
haust air. A recirculation loop was included in the air-han­
dling system and the system was balanced by three dampers, 
one in the inlet, one in the outlet, and one in the recirculating 
loop. Thermistors and teflon air-sampling tuhes were in­
stalled in the center of each room at heights of 2 ft (0.6 m), 4 
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ft (1.2 m), and 6 ft (1.8 m), and in the inlet and exhaust air. In 
general, formaldehyde was sampled by a computer-based 
instrumentation system at the inlet, outlet and one height in 
each room at a time. The air exchange rate was determined 
using the tracer decay method. Sulfur hexafluoride was in­
jected into the inlet air and sampled at the outlet. Further 
details of the prototype house are given in Reference 10. 

Instrumentation System 

An automated measurement system was constructed by 
linking an airborne formaldehyde concentration monilor (a 
TGM-555 air monitor fitted with a formaldehyde analytical 
module). which measures formaldehyde concentration by a 
modified pararosaniline procedure,2· 111•14 - •G to a computer­
based NBS automated tracer-gas decay system used to mea­
sure air exchange rate. l 7 One formaldehyde surface emis­
sion-rate measurement system was used for the prototype 
house and one for three or four medium-size dvnamic mea­
suring chambers. Details and protocols of the. design, cali­
bration. and operation of the automated sy tern, and algo­
rithm and equation used to calculate the air exchange rate, 
for maldehyde concentration , and formaldehyde surface 
emission rate are described in Reference 10. 

Experimental Plan 

The pressed-wood products used in the study were sup­
plied by various manufacturers and trade associations as 4 X 
8-ft ( L2 X 2.4-m) boards, area 32 ft2 (3.0 m2). The particle­
board underlayment came from one manufacturing plant, 
the mdf from another. The hardwood-plywood overlays of 
the paneling came from a single plant, but each paneling 
board was fabricated from blanks from one of two different 
plants. The mdf was cut into four 2 X 4-ft (0.6 X 1.2-m) 
pieces at NBS, and made into "table tops" by covering all 
edges and one side of each with formica. 

The pressed-wood products were conditioned at 23°C and 
50% RH in a well-ventilated area for about one month. Their 
formaldehyde surface emission rates were then measured in 
the medium-size dynamic measuring chambers as a function 
of formaldehyde concentration, which was varied by adjust­
ing the inlet and exhaust valves to vary the air exchange rate, 
as described above. 

After their surface emission rates at standard conditions 
were determined, the pressed-wood products were installed 
in the prototype house and the formaldehyde concentrations 
were measured at four air exchange rates. Measurements 
were made for three different combinations of formaldehyde 
emi tters: (1) particleboard u.nderlayment, (2) underlayment 
and hardwood-plywood paneling, and (3) underlayment, 
paneling and mdf table tops. The paneling wa · installed in 
one room of the prototype house on two opposite walls and 
the mdf table tops in the other room. This was intended to 
simulate a living room-kitchen arrangement in a house. Two 
samples of paneling from manufacturer # l were inslalled 
on one wall and one sample from manufactu rer #2 was 
installed on the oppos ite wall. Six particleboard underlay­
ment boards were used to cover the floor in both rooms (two 
of the boards had to be cut). The surface emission rates of 
the cut boards were determined both before and after cut­
ting, prior to being installed in the prototype house. The air 
exchange rate was varied over a range encountered in normal 
houses (about 0.1 to 1 h- 1), and formaldehyde concentra­
tions were compared with those predicted, using a mass­
balance indoor air quality model. After the prototype-house 
studies, pressed-wood products were again measured in the 
medium-size dynamic measuring chambers. 

The temperature and RH were then shifted to 26°C and 
60% RH, respectively. The products were conditioned under 
these environmental conditions, and medium -s ize chamber 
tests were repeated. 
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Figure 2. Schematic of two-room prototype house. 

Characterization ol Boards by Medium-Size Chamber Tests 

This section describes how each board was measured in 
medium-size chambers. A sufficient number of measure­
ment cycles was run at each air exchange rate to ensure that 
formaldehyde concentrations were stable. Once formalde­
hyde concentrations stabilized, they were averaged together. 
Air exchange rates were al o averaged together after stabili­
zation. It was found that SF6 was rarely detected in the 
environmental chamber, and formaldehyde concentration 
rarely exceeded 10 ppb, so background concentrations of 
either gas could be ignored. Formaldehyde surface emission 
rates were then calculated according to the following equa­
tions: 

SER = g - C/(l - Al) (1) 

where: SER = HCHO surface emission rate, mg/m2·h. 
g = formaldehyde concentration conversion 

factor from ppb to mg/m3 = 1.228 X 10-a 
mg/m3 · ppb at 25°C. 

C = HCHO concentration ppb. 
Al = air exchange rate, h- 1• 

V = volume of enclosure, m3. 
AREA = area of board, m2. 
l =loading= AREAIV, m2/m3. 

For each board, formaldehyde surface emission rate was 
found to depend linearly on concentration, in accordance 
with Fick's diffusion law: 

SER = a/ - b;' · C if C < a/b; 
= 0 otherwise 

(2) 

where: SER = formaldehyde surface emission rate, mg/m~ · h. 
C = formaldehyde concentration, ppb. 
a' (mg/m2 • h) and b' (mg/m2 · h · ppb) are material 

coefficients. 
The parameters a,' and b;' we.re determined statistically 

for the measured data. These parameters were used to calcu­
late SER1oo, and a cutoff concentration above which no 
formaldehyde emission occurs. The cutoff concentration 
was determined from Equation 2 by setting SER= 0 mg/m~ • 
hand solving for C. SER 100 was calculated by setting C = 100 
ppb and solving for SER. 

The ORNL Surface Emission Models 

ORNL developed models for predicting the surface emis­
sion rate of formaldehyde at any temperature, RH, and 
ambient formaldehyde concentration, from the resul ts of a 
test to determine the surface emission rate at 23°C, 50% RH, 

Table I. Characterization of particleboard underlayment from medium-size chamber 
HCHO emission rate data.• 

Cutoff Std 
SER100 a' b' cone error 

mg/m2 • h mg/m2 • h mg/ppb · m2 • h ppb mg/m2 • h ,2 

Four uncuL boards at 23°C and 50% RH 
Before and during 0.10 0.18 o.75 x io- :i 240 0.042 0.47 

house study 
After house study 0.13 0.21 o.81x10-3 260 0.025 0.86 
Combined 0.11 0.19 0.73 x 10-3 260 0.037 0.63 

Four uncut boards at 26°C and 60% RH 
Before house tudy 0.43 1.17 x 10-~ 370 0.048 0.89 
After house study 0.52 1.33 x 10-.1 390 0.047 0.91 
Combined 0.44 1.50 x 10-3 380 0.064 0.81 

Two cut boards at 23°C ·and 50% RH 
Prior to cutting 0.09 0.14 0.46 x 10-:1 300 0.016 0.55 
Before house study 0.18 0.29 1.17 x 10-3 250 0.037 0.90 
Art.er house study 0.13 0.21 0.79 x 10-3 270 0.020 0.88 
Combined after 0.15 0.25 o.97 x 10-3 250 0.031 0.84 

cutt ini;: 

Two cut boards at 26° C and 60% RH 
Before house study OAS 1.22 x 10-~ 390 0.021 0.98 
After house study 0.45 1.08 x 10-:1 420 0.013 0.99 
Combined 0.44 1.03 x 10-~ 430 0.049 0.89 

"a' and b' are coefficients for the linear regression equation: SER =a' - b' · C. 
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Table II. Characterization of hardwood-plywood paneling from medium-size chamber 
HCHO emission rate data.• 

Cutoff Std 
SER100 

mg/m2 · h 
a' b' 

mg/m2 • h mg/ppb · m2 • h 
cone 
ppb 

Two boards from manufacturer # 1 at 23°C and 50% RH 
Before house study 0.033 0.048 0.15 X 10-:i 310 
After house study 0.005 0.040 0.40 X io-3 110 
Combined 0.026 0.039 0.13 X 10-3 300 

error 
mg/m2 · h 

0.006 
O.Q18 
0.014 

Two boards from manufacturer # 1 at 26°C and 60% RH 
Before house study 0.06 0.38 x io-3 160 O.Q15 
After house study 0.06 0.35 x 10-3 180 0.016 
Combined 0.06 0.38 x io-3 160 0.015 

One board from manufacturer 2 at 23°C and 50% RH 
Before house stu y 0.05 0.06 0.05 X io- 1,250 0.046 
After house study 0.11 0.18 0.65 X 10-3 270 0.035 
Combined 0.10 0.14 0.42 X 10-3 340 0.050 

One board from mJlJlufacturer 2 at 26°C and 60% RH 
Before house stu y 0.14 0.21 X 10-· 670 0.012 
After house study 0.17 0.25 X 10-3 700 0.040 
Combined 0.15 0.21 X 10-3 710 0.019 

"a' and b' are coefficients for the linear regression equation: SER = a' - b' · C. 

r2 

0.85 
0.48 
0.35 

0.58 
0.77 
0.59 

0.02 
0.74 
0.44 

0.83 
0.83 
0.78 

and an ambient concentration of 100 ppb. According to the 
models, for each class the ratio of SER to SER 100 is indepen­
dent of the individual product specimen, and determined 
from the equation: 

SER/SER 100 = 1.38 - 0.0038 · C (particleboard) (7) 

SER/SER 100 = 1.32 - 0.0032 · C (plywood paneling) (8) 

SER/SER 100 = 1.12 - 0.00125 · C (mdf) (9) 

SERISER 100 = a; - b; · C if C < a/bi (3) 

= 0 otherwise 

where: SER 100 = formaldehyde surface emission rate at 
23°C, 50% RH, and 100 ppb concentration. 

ORNL empirically determined the coefficients ai and b; to 
be as follows: 

b; = [1 + B; · (T - 296.15)] · [1 + E; ·(RH - 50)]/ 

(Ca - 100) (4) 
l,tld 

a,= bi· exp[-c; · ('1 1 
- 296.15-1

)] 

· (RH/50)A' ·Ca (5) 
r,sld 

where: A;, Bi, Ci, E;, and Cai.std are given in Table IV for each 
type of pressed-wood product. 12 

T = absolute temperature, K. 
RH= relative humidity,%. 

For standard temperature and RH, b; = (Cb, std - l00)-1 

and ai = b; ·Ca <d' so Equation 3 becomes: · 
'" SER/SER 100 = (Ca,,,.

0 
- C)/(Ca,,.d -100) (6) 

Substituting appropriate values of Cai.std from Table IV into 
Equation 6, one obtains the following equations under stan­
dard conditions, with concentrations in ppb: 

Since the paneling from manufacturer # 1 never produced 
formaldehyde concentrations much above 100 ppb, Equa­
tion 8 could not be used for these specimens. 

The equations for normalized surface emission rate, SERI 
SER 100, at 26°C and 60% RH derived from the ORNL model 
(Equations 4 and 5) are given by: 

SERISER 100 = 2.54 - 0.0048 · C (particleboard) (10) 

SER/SER 100 = 2.78 - 0.0048 · C (plywood paneling) (11) 

SER/SER100 = 2.39 - 0.0016 · C (mdf) (12) 

The SER for each specimen of particleboard underlay-
ment, hardwood-plywood paneling from manufacturer #2 
and mdf table tops was normalized by division by the most 
recent value of SER 100 determined for that specimen. The 
SERISER 100 values were plotted against formaldehyde con­
centration for all boards of a given type for each combination 
of temperature and RH. 

Medium-Size Chamber Test Results 

Results for groupings of boards are shown in Tables I-III 
for particleboard underlayment, hardwood-plywood panel­
ing, and mdf table tops, respectively. 

Table III. Characterization of medium-density fiberboard table tops from medium-size 
chamber formaldehyde emission rate data.• 

1406 

Before and during 
house study 

After house study 
Combined 

Before house study 
After house study 

SER100 
mg/m2 • h 

a' b' 
mg/m2 • h mg/ppb · m2 • h 

Two table tops at 23°C and 50% RH 
1.21 1.51 3.11 X 10 I 

1.39 
1.30 

1.63 
1.57 

2.45 x 10-3 

2.75 x 10-3 

Two table tops at 26°C and 60% RH 
- 2.72 1.09 x 10- :1 

2.15 1.60 x 10-3 

Cutoff Std 
cone 
pph 

490 

660 
570 

2,500 
1,340 

error 
mg/m2 • h 

0.76 

0.20 
0.5.5 

0.34 
0.28 

"a' and b' are coefficients for the linear regression equation: SER = a' - b' · C. 

r2 

0.13 

0.58 
0.17 

0.73 
0.86 
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Figure 3. Comparison ol normalized formaldehyde emission rates for uncut underlaymen1 to those predicted by ORNL emission model. The upper graph shows the 
latest data at 23°C and 50% RH. The lower graph shows the earliest data at 26°C and 60% RH. The lines labeled ORNL are predicted by Equations 7 (upper graph) 
and 1 O (lower graph). The middle of the three parallel lines is the best-flt linear regression line of formaldehyde concentration vs. normalized surface emission rate . 
The regression line is surrounded by lines representing 1 standard error unit. Each symbol represents a different board. (SER= formaldehyde surface emission rate; 
SER100 =surface emission rate at 23°C, 50% RH, and 100 ppb concentration.) 

Some features common to all types of boards are as fol­
lows. Formaldehyde surface emission rates decreased as 
formaldehyde concentration rose for all specimens tested. 
There was more scatter in the earlier tests (those before and 
during prototype house) than in the later tests (those after 
prototype house) at 23°C and 50% RH, especially for hard­
wood-plywood paneling and mdf table tops. Other than the 
scatter, the earlier and later results were similar to each 
other for mdf and uncut particleboard at 23°C and 50% RH. 
During the latest tests performed at 23°C and 50% RH, the 
data were fit well by straight lines for each board, and there 
was little variation in the behavior of boards comprising each 
class of board (particleboard underlayment whether cut or 
uncut, paneling from each manufacturer, and mdf table 
tops). This continued to be true for each test series at 26°C 
and 60% RH. For all types of boards except paneling from 
both manufacturers, surface emission rates increased mark­
edly when conditions were changed from 23°C and 50% RH 
to 26°C and 60% RH. 

Underlayment. Table I shows that at 23°C and 50% RH, 
there was little change in SER 1oo and cutoff concentration, 
which were both close to the combined average of0.11 mg/m2 

·hand 260 ppb, respectively, between the time uncut parti-

3.5 

3 
8 

ffi 2.5 

~ w 2 
(/) 

0 
i3 1.5 
:r 

0.5 

23 C, 50% RH 

200 400 600 

HCHO concentration (ppb) 

cleboard underlayment was placed into and removed from 
the prototype house. Emission rates of the particleboard 
tested at NBS were at the low end of the range of those of 
particleboard used in the United States. 18 They were also 
lower than for the products tested by ORNL.12 SER wo \Vas 
about 0.4-0.5 mg/m2 • h for particleboard tested by ORNL. 

While SER100 doubled immediately after two particle­
board underlayment boards were cut, it then declined to 
approximately the same value as for uncut particleboard by 
the time of tbe post-prototype house tests at 23°C and 50% 
RH that is within 4 months, showing that any effects of 
cutting are transitory. After that, cut and un.cut underlay­
ment continued to behave indistinguishably. 

Paneling. Table II shows that paneling boards from man­
ufacturer # 1 were much weaker formaldehyde emitters 
than the board from manufacturer # 2. Because the cutoff 
concentrations for paneling from manufacturer #1 were 
close to 100 ppb, SER 1oo, and therefore normalized concen­
trations, could either not be calculated at all or could not be 
calculated meaningfully. At 23°C and 50% RH, the cutoff 
concentration for paneling from manufacturer # 2 was 
about 270 ppb and SER100 was about 0.11 mg/m2 • h after 
being removed from the prototype house, or nearly the same 

3.5 

3 
~ 

a: 
~ 2.5 

ir 
~ 2 

~ 
~ 1.5 

0.5 

26 C, 60% RH 

B ~ ~ B 1~1B1~1~ 1B~OO 

HCHO concentration (ppb) 

Figure 4. Comparison of normalized formaldehyde emission rates for Mdf table tops to those predicted by ORNL emission model. The upper graph shows the latest 
data at 23°C and 50% RH. The lower graph shows the earliest data at 26°C and 60% RH. The lines labeled ORNL are predicted by Equations 9 (first graph) and 12 
(second graph). The middle of the three parallel lines Is the best-flt linear regression line of formaldehyde concentration vs. normalized surface emission rate. The re­
gression line Is surrounded by lines representing 1 standard error unit. Each symbol represents a different board. 
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Table IV. Coefficients for the ORNL models. 

c 
Pressed-wood product K 

Particleboard underlayment 9,400 
Hardwood-plywood paneling 6,500 
Medium-density fiberboard 5,000 

as for particleboard underlayment. As in the case of particle­
board, the emission rates of the plywood tested at NBS were 
at the low end of the range of plywood used in the United 
States. 18 They were also at the low end of products tested by 
ORNL.12 

Md{. Table III shows that by the time the mdf table tops 
were removed from the prototype house at 23°C and 50% 
RH, SER100 was 1.4 mg/m2 ·hand the cutoff concentration 
was 660 ppb. These results confirm other reports in showing 
that mdf is a far stronger emitter than either particleboard 
underlayment or hardwood-plywood paneling.4·12·19 The 
SER 100 of mdf tested at NBS, was well within the range of 

cb,ld B E 
A ppb K-1 %-1 

0.37 360 O.Q25 0.016 
0.66 410 0.053 0.029 
1.90 900 0.090 0.000 

rapid decline in emission Tates is in accordance with the 
ORNL model, one would have to determine SER 100 for the 
post-prototype house experiment. This would be difficult, if 
not impossible, to obtain because it is not possible to quickly 
return to standard conditions, obtain SER100, and then re­
turn to 26°C and 60% RH. As for obtaining SER 100 after the 
experiment at 26°C and 60% RH, it is shown elsewhere8 that 
after pressed-wood products were returned to 23°C and 50% 
RH and conditioned for about 2 months, their emission rates 
increased over their previous values at 23°C and 50% RH, so 
using this value of SER 1oo would not be comparable to using 
one obtained before raising the temperature and RH. 

Table V. Results of tests of prototype-house containing underlayment. 

Air 
exchange 

rate• 

h-1 Outlet 
HCHO concentration• (ppb) 

1.28 
(0.1) 
0.47 

(0.01) 
0.14 

(0.02) 
0.78 

(0.07) 

50 
(2) 

110 
(10) 
140 
(13) 
60 
(6) 

150 
(18) 
70 
(5) 

150 
(19) 
70 
(6) 

6 
(2) 
5 

1 
(5) 
2 

(4) 

• Quantities in parentheses are standard deviations. 

mdf used in the United States18; ORNL tested mdf with 
both higher and lower values than NBs.12 

In contrast to underlayment and paneling, and to their 
own behavior at 23°C and 50% RH, mdf emission rates 
declined during the five months between surface emission 
rate measurements. This can be seen from the fact that the 
best-fit regression line for the earlier data had an intercept 
of 2.72 mg/m2 • h compared to 2.15 mg/m2 • h for the line 
fitting the later data, which was about 2 standard error units 
apart. In addition, the difference between the two lines in­
creases with increasing concentration because the magni­
tude of the slope of the line fitting the earlier data is smaller 
than that for line fitting the later data. To test whether the 

Comparisons of Results to ORNL Model Predictions 

Comparisons of best-fit regression lines to the lines pre­
dicted by the ORNL models are shown in Figures 3 and 4. 
The SER too values shown in Tables I-III were not the ones 
used for normalization of the SER values. Instead, surface 
emission rates of each board for both late 23°C and 50% RH 
tests and early 26°C and 60% RH tests were normalized by 
SER 100 determined specifically for that board during late 
23°C and 50% RH tests. Because boards of a given class 
behaved similarly to each other in the latest tests at 23°C 
and 50% RH, these values of SER 100 were very close to the 
values shown in Tables I-III. Similarly, the cutoff concen-

Table VI. Results of tests of prototype-house containing underlayment and 
paneling. 
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Air 
exchange 

rate• 

h-1 

0.86 
(0.04) 
0.59 

(0.02) 
0.26 

(0.02) 
0.75 

(0.04) 

Outlet 

70 
(4) 
80 
(6) 

110 
(4) 
70 
(4) 

HCHO concentration• (eebl 
Room 1 Room2 

70 80 
(6) (5) 
80 90 
(7) (7) 

120 120 
(5) (6) 
70 80 
(3) (4) 

•Quantities in parentheses are standard deviations. 

Inlet 

2 
(3) 
3 

(5) 
0 

(3) 
1 

(3) 
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Table VII. Results of tests of prototype-house containing underlayment, 
paneling, and mdf. 

Air 
exchange 

rate• 

Outlet 
HCHO concentration• (ppb) 

Room 1 Room 2 Inlet 

0.80 
(0.02) 
0.58 

(0.07) 
0.27 

(0.02) 
0.75 

(0.01) 

120 
(15) 
120 

(6) 
200 

(5) 
120 

(2) 

130 
(22) 
120 

(5) 
220 

(8) 
130 

(7) 

140 
(19) 
120 

(3) 
210 

(7) 
130 

(8) 

0 
(9) 
2 

(2) 
0 

(2) 
1 

(1) 

•Quantities in parentheses are standard deviations. 

trations shown in Tables I-III are similar to those shown in 
Figures 3 and 4, which were obtained using normalized SER 
values. 

Figure 3 shows comparisons between the ORNL model 
(Equation 7) and the best-fit linear regression line of formal­
dehyde concentration vs. surface emission rate at standard 
temperature and RH for uncut particleboard underlayment. 
The line predicted by the ORNL model fits the data well, 
even though it was derived for a different collection of 
boards. It is within 1 standard error unit of the best-fit 
regression line between 10 and 190 ppb. It is within two 
standard error units over its entire range. 

Figure 3 shows that the ORNL model continues to fit the 
data about as well at 26°C and 60% RH as at 23°C and 50% 
RH. At 26°C and 60% RH, the ORNL line is within one 
standard error unit of the best-fit line between about 100 
and 310 ppb for uncut underlayment. It is within two stan­
dard error units between 50 and 410 ppb. However, the slope 
of the surface emission-rate line and the cutoff concentra­
tion are not accurately determined by the ORNL model. 

Figure 4 shows that at 23°C and 50% RH, the ORNL line 
relating formaldehyde surface emission rate to concentra­
tion fit the medium-size chamber results well for mdf. The 
ORNL line was within one standard error unit over the 
concentration range 0-520 ppb; and within two standard 
error units over the range 0-980 ppb. The ORNL line was 
within one standard error unit of the best-fit line between 
230 and 920 ppb, and within 2 standard error units between 
about 0 and 1270 ppb at 26°C and 60% RH. The ORNL 
model adequately predicts the slope and cutoff concentra­
tion at 23°C and 50% RH. However, it does not accurately 
predict the temperature- and RH-dependence of the slope 
and cutoff concentration. 

200 

o~~~~~_.__~~~~~~~~~_,__~_.__~~_.__, 

0 0.1 0.2 0 .3 0.4 0 .5 0.6 0.7 0.8 0.9 1.0 1. 1 1.2 

AIR EXCHANGE RA TE ( 1 /hr) 

Figure 5. Comparison of outlet formaldehyde concentration measurements 
(points) and predictions of Equation 14 (curve) for prototype-house containing 
underlayment. 
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The Mass Balance Model for Predicting Formaldehyde 
Concentrations In the Prototype House 

Formaldehyde concentrations in the two rooms of the 
prototype house were usually found to be so close together 
(see Tables V-VII and Figures 5-7) that it was unnecessary 
to use a two-room model to predict formaldehyde concentra­
tion from the surface emission rates of the pressed-wood 
products it contained. Instead a model relating formalde-

200 
:a 
a. 
.9 
z Thoory 
0 150 j:: 
oC 
a: 
I-z + Ill 
u 100 z 
0 + u +--+-___ 0 :z: 
u 50 :z: 

0 0 .1 0.2 0 .3 0.4 0.5 0.8 0.7 0.8 0.9 1.0 1.1 
AIR EXCHANGE RATE (h" 1l 

Figure 6. Comparison of outlet formaldehyde concentration mea­
surements (points) and predictions of Equation 14 (curve) for proto­
type-house containing underlayment and paneling. 

hyde concentration to n formaldehyde emitters was derived 
from a mass-balance equation, assuming a single well-mixed 
chamber: 

n 

g. dC/dt = -g. AI. (C - cextl + L l;. SER; (13) 
i=l 

where: g = formaldehyde concentration conversion fac-
tor from ppb to mg/m3 = 1.228 X 10-3 
mg/m3 • ppb at 25°C. 

Cext =chamber-background HCHO concen­
tration, ppb. 

l; =loading of the ith emitter, m2/m3. 
SER; = HCHO surface emission rate of the ith 

emitter, mg/m2 · h. 
n =number of distinct pressed-wood products. 

Substituting the expression for SER; given by Equation 2, 
assuming steady-state conditions (dC/dt = 0 ppb/h) and 
that Cext = 0 ppb, and rearranging terms, Equation 13 be­
comes: 

C = (~ l; • a/)/(g ·AI + ~ l; • b;') (14) 
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Equation 14, for n = 1, is similar to the Hoetjer-Berge­
Fujii equation,9•20•21 which relates steady-state formalde­
hyde concentration to air exchange rate and product load­
ing. It was reported that it was difficult to apply this equa­
tion reliably to dwellings, and to mix together equations for 
different products. 11 The methodology presented here al­
lows prediction of the coefficients for the Hoetjer-Berge­
Fujii equation from chamber tests, and shows how to com­
bine test results for pressed-wood product combinations in 
dwellings. 
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Figure 7. Comparison of outlet formaldehyde concentration measurements 
(points) and predictions of Equation 14 (curve) for prototype-house containing 
underlayment, paneling and mdf table tops. 

Prototype House Results at 23°C, 50% RH 

The results of the two-room prototype house tests for the 
three combinations of pressed-wood products installed in 
the prototype house are given in Tables V-VII and Figures 
5-7. The two-room prototype house was measured at four air 
exchange rates between about 0.1and1 h-1 for each combi­
nation of pressed-wood products. After changing the air 
exchange rate, a period of at least four days was required 
before th$! formaldehyde concentration in the prototype 
house stabilized. The lag in response to change in air ex­
change rate is believed to be caused by absorption of formal­
dehyde by the bare gypsum wall and ceiling boards in the 
prototype house. 8•19 

Table V shows that formaldehyde concentrations due to 
the presence of particleboard underlayment varied from 50 
ppb at 1.28 h-1 to 140 ppb at 0.14 h-1. Figure 5 shows the 
comparison of the measured formaldehyde concentrations 
in the prototype house and the concentrations predicted by 
Equation 14 for particleboard underlayment. The mass-bal­
ance model seems to predict the measured values well. The 
maximum deviation occurred at the lowest air exchange 
rate, where the formaldehyde concentration was less than 20 
percent below that predicted. 

The data for the combination of particleboard underlay­
ment and hardwood-plywood paneling are given in Table VI. 
Five days after installing the paneling, the combination pro­
duced a concentration of 70 ppb of formaldehyde in the 
prototype house with an air exchange rate of 0.86 h-1• This 
increased to 80 ppb at 0.54 h-1 and to 180 ppb at 0.26 h-1. 

When the air exchange rate was increased to 0.75 h- 1, the 
formaldehyde concentration decreased to 70 ppb. A compar­
ison of the predicted and measured values for this combina­
tion of pressed-wood products is shown in Figure 6. The 
agreement is good except at the lowest air exchange rate, 
where the addition of the paneling results in a formaldehyde 
concentration about 25 percent lower than predicted by the 
theory. 
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The results for the combination of particleboard under­
layment, paneling and two mdf table tops are given in Table 
VII. The addition of the two mdf table tops produced form­
aldehyde concentrations of 120 ppb, 120 ppb, 200 ppb and 
120 ppb at air exchange rates of 0.80, 0.58, 0.27 and 0.75 h- 1, 

respectively. The comparison of these measured concentra­
tions with the concentrations predicted by theory is shown 
in Figure 7. The agreement is good at all air exchange rates. 
The greatest deviation between predicted and actual formal­
dehyde concentrations was about 15 percent at 0.58 h-1. 

The comparatively large errors that occurred for particle­
board, and for particleboard in combination with paneling at 
low air exchange rates were probably due to the large relative 
error in low air exchange rate measurements.8 The error was 
estimated to be 0.1-0.15 h-1; 8 assume that it is 0.1 h-1. Then 
the denominator of Equation 14 is changed by a smaller 
percentage as more pressed-wood products are included in 
the calculation, or as the air exchange is increased. The 
concentrations resulting from the assumed air exchange rate 
error for the lowest air exchange rates used in this study can 
change by up to about 35 percent for particleboard, 20 per­
cent for particleboard and paneling, and 15 percent for par­
ticleboard, paneling and mdf from their "true" values. This 
explains why the measured concentrations for particle­
board, paneling and mdf fit the experimental curve better 
than in the other two experiments at low air exchange rates. 

It should be noted that the formaldehyde concentration 
usually increased from the outlet to room 1 to room 2, but 
that the difference between concentrations at the lowest and 
highest sites was always less than 30 ppb, and the differences 
between rooms 1 and 2 was always less than 12 ppb. As 
mentioned earlier, this made the use of a two-chamber mod­
el unnecessary. 

Concluslons 

A major goal of this study was to test a formaldehyde 
emission model developed by ORNL. First, measurements 
were made of the formaldehyde surface emission rates of 
particleboard underlayment, hardwood-plywood paneling 
and mdf table tops in medium-size dynamic measuring 
chambers. These measurements, at two sets of temperature 
and RH, confirmed the previously reported linear relation­
ship between surface emission rate, and concentration with 
negative slope in accordance with Fick's first diffusion law. 
The data derived from these measurements were then com­
pared with predictions of ORNL models. 

It was already noted that the models were tested on prod­
ucts having formaldehyde emission rates in the low range of 
those commonly found in the United States. However, the 
trend is towards lower emission rates in new production.4 

Emission rates also tended to be lower or in the low range of 
those of products used by ORNL to derive the models. Nev­
ertheless, the ORNL models predicted surface emission 
rates quite well at standard conditions. The model was also 
successful at higher temperature and relative humidity for 
particleboard and mdf, but not for paneling. It would be 
desirable to expand this study to confirm the ORNL model 
at combinations of temperature and RH further from stan­
dard conditions. 

In developing its models, ORNL assumed that there is 
relatively free formaldehyde diffusion within the "bulk 
phase" of pressed-wood products. 12 Formaldehyde emission 
results from the difference in concentration between this 
"bulk phase" and the atmosphere, in accordance with Fick's 
first diffusion law. This assumption is apparently fairly de­
scriptive of particleboard and mdf, but not of hardwood­
plywood paneling. It is hypothesized that internal diffusion 
is important in formaldehyde emission by pressed-wood 
products, and layering of solid thin sheets of plywood ob­
structs diffusion to a greater extent than do chips and pieces 
in the other pressed-wood products. In other words, formal-
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dehyde emission may not be as diffusion-limited in plywood 
as it is in other pressed-wood products. This would explain 
why formaldehyde emission by plywood appeared relatively 
insensitive to temperature and RH used in the present 
study. Higher temperature and RH increase resin degrada­
tion to formaldehyde and increase the formaldehyde diffu­
sion rate.22 Apparently, the small changes of temperature 
and RH used in the present study did not increase the "bulk­
phase" formaldehyde concentration or the diffusion rate 
sufficiently to overcome the obstructing layers of the rela­
tively low-emitting plywood used in this study. 

ORNL had another difficulty in applying Fick's Law to 
hardwood-plywood paneling, the choice of 100 ppb for nor­
malization. ORNL excluded data from paneling with low 
emission rates in model development.5 The inapplicability 
of the model to low-emitting plywood was illustrated above 
for plywood from manufacturer # 1. 

It should be noted , however, that the apparent lack of 
correlation of the hardwood-plywood model does not pre­
clude or invalidate its use in prediction and control of form­
aldehyde in homes. To use the model for these purposes, it 
suffices that the predicted emission rates be higher than the 
scattered measured emission rates. This applies also to using 
the model for predicting emissions by mdf. At elevated tem­
perature and RH, emission rates are at first as predicted by 
the model, but then decline rapidly. 

Another goal of this study was to test how well a mass­
balance equation for a well-mixed chamber predicts formal­
dehyde concentrations resulting from pressed-wood prod­
ucts in buildings under realistic conditions, using the results 
of the measuring chamber characterizations. The model was 
tested in a two-room prototype house at air exchange rates 
ranging from about 0.1 to 1 h-1, and the predictions of the 
model were close to the actual results. The greatest devi­
ations from predictions occurred at low air exchange rates 
(0.1 to 0.3 h- 1). It would be desirable to repeat the experi­
ment using a measurement technique that is accurate at low 
air exchange rates. 
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