
\f 5S o':} 

PRELIMINARY RESULTS OF HVAC SYSTEM MODIFICATIONS TO 
CONTROL INDOOR RAPON CONCEHTBATIONS 

by : Terry Brennan 
Michael Clarkin 
Camroden Associates 
RD#l, Box 222 
Oriskany, NY 13424 

Timothy M. Dyess 
U.S. EPA, AEERL 
Research Triangle Park, NC 27711 

William Brodhead 
Buffalo Homes 
Riegelsville, PA 18077 

ABSTRACT 

Designing and building houses that control radon in the course 
of their normal operation is a desirable goal. A project was 
undertaken by the Environmental Protection Agency to assess the 
feasibility of modifying the heating, ventilating, and air 
conditioning (HVAC} system in a newly constructed tract house, so 
that radon entry is prevented, the risk of moisture condensing in 
the building shell is reduced, and minimum ventilation 
recommendations are met. 

A house has been selected, and the HVAC system has been 
modified to slightly pressurize the basement while slightly 
depressuri z i ng the upper floor s. Baseme nt a nd firs t floor radon 
concentrations, and first floor and basement to outdoor air 
pressure differentials have been monitored. 

The initial results from one cooling season show that this 
method can be as effective as active soil depressurization at 
controlling indoor radon levels, with comparable power consumption. 

This paper has been reviewed in accordance with the U. s. 
EPA' s peer and administrative review policies and approved for 
presentation and publication. 

TECHNICAL APPROACH 

The purpose of this work was to evaluate whether a typical 
residential furnace unit (air handler) could be easily modified to 
pressurize the basement of a tract house to prevent the entry of 
radon-laden soil gas. In order to accomplish this goal, the air 
pressure relationships between the upper floors and the basement, 
and each of those zones and the outdoor air, must be controlled. 
This is accomplished by using the air handler of the central 
heating and cooling plant, and the existing conditioned air 
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distribution system, to press;urize the basement and slightly 
depressurize the upper floors. The basic idea is illustrated in 
Figure 1. 

The house chosen for the study is located in a subdivision in 
the Allentown, Pennsylvania, area. It is a two story colonial house 
with a basement under all but the living room. The living room is 
on a slab, on-grade. The house, when originally constructed, was 
built with the knowledge that other houses in the area contained 
high indoor radon concentrations. The builder therefore 
incorporated several radon resistant techniques during its 
construction. During construction, attention was paid to building 
a foundation that prevented soil air from entering. This effort 
included poured concrete walls and floor, all concrete joints 
sealed with caulk, and a polyethylene vapor barrier under the slab. 
In addition, an active soil depressurization system was installed 
in the building, with a 4 in.· layer of DOT #2 stone, an interior 
perimeter loop of 4 in. drain pipe, a 4 in. PVC pipe routed through 
the building and out the roof, and an in-line centrifugal blower. 

Air pressure relationships were measured between the inside 
and outside of the buildin,g, and between zones within the building. 
HVAC system airflows and power consumption were measured for the 
three HVAC blower operating speeds. These were quite close to the 
manufacturer's specifications. Investigations of the extent of air 
leakage, in what appeared to be carefully installed ductwork, 
revealed that the ductwork was still surprisingly leaky. This was 
particularly true of the return system. An indication of the 
effects of this leakage was that, when the air handler was operated 
on low speed, several pascals negative pressure was produced in the 
basement relative to outdoor air. Extensive sealing of the return 
air ductwork was required to bring the bclsement into neutral 
pressure with the outdoor air. See the later section on air leakage 
patterns for details. 

The air handler that heats and cools the first floor of the 
house is located in the: basement. All supply amd return ductwork is 
also located in the basement. The basement was pressurized simply 
by sealing the leaks in the return air ductwork and cutting an 
opening in the supply ductwork main trunk. This modification 
resulted in the pressurization of the basement, with respect to 
outdoors, of 4 Pa. This modification also resulted in greater 
infiltration in the upstairs living area to make up the air lost 
through the basement. 

*Readers more familiar with metric units may use the factors at the 
end of this paper to convert to that system. 
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AIR HANDLER DESCRIPTION AND OPERATING CHARACTERISTICS 

Effects of HVAC system operation on radon levels 

The effects of system operation on indoor radon were studied 
by monitoring radon continuously in the basement and the kitchen 
with the air handler off, with the air handler on low speed 
continuously, and with the air handler on high speed only when 
cooling was called for. The results are summarized in Table 1, and 
illustrated in Figures 2, 3, and 4. Figure 2 shows that, while the 
air handler is on, there is about a 4 Pa positive air pressure 
difference between the basement and outdoor air, and the indoor 
radon averages 1.2 pCi/L in the basement and kitchen (a sign Of 
good mixing with the air handler on). This level compares well with 
the active soil depressurization results from the previous year of 
1.1 pCi/L[l]. However, with the air handler off, the basement air 
pressure quickly drops, and there are radon spikes each time the 
basement goes negative relative to outdoor air. This pattern has 
been observed in many buildings before(2],[3],[4]. The average 
radon concentration with the system off is around 14 pCi/L in the 
basement and 2 pCi/L in the kitchen. Later system off measurements 
in July (see Table 1) show the same levels in the basement, and a 
slightly higher kitchen average of 3. 3 pCi/L. Figure 3 shows 
typical data for the system operating continuously, on a scale that 
allows better detail. The results are the same as the June 
measurements in Figure 2, and it is clear that radon is being 
controlled in both the upstairs and basement, with 50% and 90% 
reductions, respectively. Figure 4 shows a detail of system 
performance when the air handler runs only in response to cooling 
demand. While the radon is lowered by a factor of around 3, it is 
still above the action guideline of 4 pCi/L, averaging 7 pCi/L for 
the cooling operation test period. It is also clear from the 
pressure data that the fractional on time of the air handler was 
large during the test period. The radon levels in this building 
will be very sensitive to fractional on time. 

Description 

The house is heated and cooled using a York heat pump with a 
three-speed air handler. Table 2 lists the design airflows for 
this unit at low, medium and high speeds for two static pressures. 

Airflows through ductwork with the air handler on low speed 

Airflows were measured at the supply and return grills, and in 
the main trunk of the supply ductwork, with the intentional opening 
used to pressurize the basement open and closed. The results of 
these measurements are given in Tables 3 and 4. The total measured 
supply, measured in the supply trunk close to the air handler, was 
952 ± 90 cfm. This compares well with the manufacturer's 
specifications of 1160 to 1185 cfm for the air handler on low 
speed. From the measurements made, the leakage through the supply 
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ductwork was calculated to be around 230 cfm, and through the 
return ductwork was around 450 cfm. This means that, with the unit 
as installed, the basement was under negative pressure of several 
pascals whenever the air handler was on. The supply ductwork was 
foil faced ductboard. The return ductwork was made by sealing 
ductboard to the bottom of floor joists. It is thought that the 
excessive leakage in the return system, to a great extent, is due 
to leakage in the floor and wall components that form the return 
ductwork. In fact, careful sealing of the return system reduced the 
return air duct leakage to about 200 cfm. 

The results of measurements and calculations with the ductwork 
sealed, and the basement pressurization opening open and closed are 
presented on Tables 3 and 4. 

Sealing the return ductwork 

The return system in the basement was carefully sealed using 
duct tape and caulk. The indoor-outdoor pressure differential was 
monitored before and after the sealing. With the air handler 
running and the pressure opening closed, the basement was several 
pascals negative before the sealing, and neutral after. Sealing the 
return air ducts reduced leakage to approximately 200 cfm. At this 
point supply leakage, excluding the intentional opening used to 
pressurize the basement, approximately equaled return leakage. It 
is estimated that the additional cost of sealing ductwork and 
making wiring modifications to the air handler is $200 to $300. 

AIR LEAKAGE PATTERNS CAUSED BY OPERATION OF THE BASEMENT 
PRESSURIZATION MODE 

In order to understand the dynamics of operating the air 
handler to pressurize the basement and slightly depressurize the 
upstairs, interzonal and indoor to outdoor pressure differentials, 
and the leakage areas of interest were measured. From these data, 
the amount of outdoor air drawn into the building could be 
estimated. This can then be compared to the ASHRAE ventilation 
guidelines [5] and the estimated stack effect infiltration that 
would occur in this house normally. 

Operating the air handler induces a 4 Pa pressure differential 
between the basement air and the outdoor air and a 4.5 Pa pressure 
differential between the upstairs and the basement. This implies a 
0.5 Pa pressure differential between the upstairs air and the 
outdoors. 

By combining this air pressure distribution data with measured 
building leakage area data~ airflows between the two zones and 
outdoors can be estimated. The leakage areas were measured using a 
fan door technique, involving the use of two fan doors. 
Measurements were made on each zone individually, and then 
simultaneously. Details of the method are presented elsewhere [6]. 
The results of the measurements and analysis are found on Figure 5. 
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ENERGY AND VENTILATION ISSUES 

Changing the air pressure relationships in a building to 
control soil gas entry will have an impact on other dynamics in the 
building. Specifically it is expected that this will impact on the 
ventilation pattern, the energy costs associated with ventilation, 
and the risk of moisture condensation in the building shell. No 
data are available to judge the effects of moisture in the building 
shell. However, the · data collected can be used to estimate the 
impact on the amount and pattern of infiltrating air. This is 
accomplished by first estimating the amount of air that would flow 
through the building as a result of ordinary stack effect and then 
comparing to the airflows induced by pressurizing the basement 

The results of these estimates can be used to calculate the 
power consumption for controlling radon with basement 
pressurization and with active soil depressurization. 

Impact of basement pressurization on infiltration 

A fan door test of the entire building shell revealed that it 
has 5 air changes per hour (ACH) at a 50 Pa pressure differential. 
This is two to three times tighter than the average house built 
between 1945 and 1980, but is more typical of houses built in the 
northeast United States since 1980. This translates to about 0.25 
ACH under natural conditions. 

The infiltration due to stack effect alone has been calculated 
using four air infiltration models: the Lawrence Berkeley 
Laboratory model, the Kronval model, the Shaw model, and a modified 
Shaw model (7). The results of these four models are plotted on 
Figure 6. Excluding the Shaw model, the mean values range from 0.13 
to 0.17 ACH. This corresponds well to the 0.25 ACH combined wind 
and stack estimate made from dividing the ACH at 50 Pa by 20 (7). 
By using the monthly ACH data the average volume of airflow through 
the building operating under average stack conditions can be 
calculated. This has been done in Table 5. 

The amount of outdoor air drawn through the building by 
operating the air handler in the basement pressurization mode was 
estimated to be between 53 and 87 cfm. If any, there should be only 
a small energy penalty added by operating in this manner, amount i ng 
at most to an additional 35 cfm of outdoor air. This would add 3.3 
x 106 Btu to the normally operating stack effect load of 4.6 x 106 

Btu. This amounts to around $33 of oil at $1.10/gal. or $79 of 
electric resistance heat at $0.08/kW-hr. It would actually be less 
than this because of the superior efficiency of the heat pump in 
the swing seasons (coefficient of performance (COP) of 2.2). 

However, it is unlikely that this will be the case because the 
direction of airflow is opposite that of the stack effect. The 
power of the fan will be competing with the power of the stack 
effect. They should just about cancel each other out in the coldest 
par t s of the year resulti ng in lowered infiltration for the 
building during the winter months. This, however, is not an 
accurate model because the system is acting a lot more like two 

\\ 0 



separate zones with the air handler powering the exchange, rather 
than with the stack effect powering it. A distributed resistance 
simulation could approximate the final situation. 

It is likely that the infiltration due to stack effect will 
about equal the infiltration due to pressurizing the basement. The 
difference is that, with basement pressurization, the infiltration 
will be greatest in the summer and least in the winter, the 
opposite of stack effect. Either will provide an average of about 
40 cfm. This is over half the recommended ASHRAE guideline of 15 
cfm/person and the ASHRAE recommended ventilation rate of 0.35 ACH 
for residential buildings (5]. 

POWER CONSUMPTION COMPARISON OF NORMAL HVAC OPERATION AND ACTIVE 
SUB-SLAB SUCTION VS. USING THE HVAC ON LOW SPEED TO PRESSURIZE THE 
BASEMENT 

The total power consumption of radon control and operation of 
the heat pump air handler for soil depressurization and basement 
pressurization must be compared. 

The amount of electricity used to power the soil 
depressurization system is 90 W continuously for a year. This 
amounts to 788 kWh. The power consumption for the normal air 
handler operation is estimated to be 671 kWh/yr (223.6 W for 3000 
hr a year) . This gives a total power consumption of 1459 kWh/yr for 
the active soil depressurization system. 

The amount of power needed to pressurize the basement for the 
year is estimated as follows. The amount of power used to operate 
the air handler on high speed for normal operation and low speed 
for the remaining time is 1673 kWh/yr {174 W for 5760 hr on low 
speed and 249 W for 3000 hr on high speed) . 

It is estimated that basement pressurization will use 214 
kWh/yr more than soil depressurization or about $18 a year for 
electricity at $0.085/kWh. 

CONCLUSIONS 

The bas i c idea of using the i nteraction of the air handler, 
conditioned air distribution system, and the building shell to 
control air pressure relationships has been demonstrated in a newly 
constructed house. I t has also been demonstrated that this control 
can prevent radon entry with minimal additional power consurnpti~n 
for equal performance when compared to active soil 
depressurization. There is insufficient data to determine whether 
or not the minimum ASHRAE guidelines for ventilation have been met 
or whether the risk of moisture condensation in the building shell 
has been reduced. Further research wi ll be required t o answer these 
questions. 

The effort required to modify the HVAC system was not great. 
However, the measurements and understanding it took, while 
involving only trivial physics, are not part of the ordinary 
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experience or training of builders, mechanical contractors, or 
mechanical engineers. Further complicating this procedure is the 
fact that the work needed to make the modifications cuts across 
traditional trade jurisdictions. It is likely that most of the work 
falls into the jurisdiction of the mechanical contractor. However, 
general contractors must be able to request the work and judge the 
performance. 
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CONVERSION FACTORS 

Readers more familiar with metric units may use the following 
to convert to that system. 

Non-metric Multiplied by Yields Metric 

Btu 1.055 kJ 

cfm 0.00047 m3/s 

gal. 0.0038 m3 

in. 2.54 cm 

in. WC 249 Pa 

in. 2 0.00065 m2 
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TABLE 1 EFFECTS OF AIR HANDLER OPERATION ON INDOOR RADON 

Date Location Average Average HVAC 
(Inln/dd/yy) Rn (pCi/L) ~p (Pa) Status 

. 
06/07-15/90 basement 1.2 ± 0.3 4.0 ± 1.3 on 
06/07-15/90 1st floor 1.1 ± 0.4 on 

06/16/90-07/04/90 basement 14.3 ± 5.1 0.8 ± 1.8 off 
06/16/90-07/04/90 1st floor 2.1 ± 1.4 off 

07/07-23/90 basement 14. 2· 0.5 ± 1.6 off 
07/07-23/90 1st floor 3.3 ± 1.7 off 

07/25/90-08/05/90 basement 1.4 ± 0.3 4.2 ± 0.8 on 
07/25/90-08/05/90 1st floor 1.2 ± 0.4 on 

08/14/90-09/11/90 basement 1.4 ± 0.3 4.2 ± 0.8 a::iol.ll'q 
08/14/90-09/11/90 1st floor 1.2 ± 0.4 a::iol.ll'q 

* This measurement taken with a Honeywell At-ease Monitor. 

TABLE 2 MANUFACTURER'S SPECIFICATIONS FOR FAN UNIT 

Speed Airflow @ 0.2 in. WC Airflow @ o. 3 in. we 
(cfm) (cfm) 

high 1625 1550 
medium 1355 1310 
low 1185 1160 

TABLE 3 OPERATING CHARACTERISTICS WITH BASEMENT PRESSURIZATION 

Total measured supply at diffusers = 567 ± 60 cfm 

Total measured supply = 952 ± 90 cfm 

Total supply leakage* = 385 ± 40 cfm 
(including flow through the intentional opening pressurizing the 
basement) 

Total measured return • 496 ± 50 cfm 

Total return ductwork leakage* = 456 ± 46 cfm 

* calculated values 
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TABLE 4 OPERATING CHARACTERISTICS WITHOUT BASEMENT PRESSURIZATION 

Total measured supply at diffusers = 719 ±72 cfm 

Total supply ductwork leakage• = 232 ± 23 cfm 

Intentional opening to pressurize the basement• = 153 ± 15 cfm 

* calculated values 

TABLE 5 STACK EFFECT AIRFLOWS FOR AVERAGE TEMPERATURES 

Month stack 
(cfm) 

Jan 73 
Feb 71 
Mar 64 
Apr 51 
May 36 
Jun O 
~l 0 
Aug O 
Sep 25 
Oct 28 
Nov 60 
Dec 71 

\ ~ b 



ASD 
Stack 

Incoming Air 
Reduces Risk of 
Condensation 

Ductwork 
Sealed 

ASD 
Soil Depressurization) 

in use for this test) 

Living Area 

Heat 
Pump 
Air 
Handler 

-
Return Air 

Basement 

+ 

... 

Outgoing 
Air 
Prevents 
Soil Air 
Entry 

Illustration showing the use of the heating, 

Range 
Exhaust 

ventilating Figure 
and air 

1. 
conditioning 

risk of condensation 
ventilation rates. 

system to 
in the 

control the radon entry, minimize 
floors, and provide recommended upper 

I I-=} 



-«I 
114 

't1 
c 
«I 

~ -..... 
CJ 
p.. -

114 
4 

't1 c 
«I 

c 
0 

't1 
«I 
p:: 

25 
HVAC ON 

20 

1 5 

1 0 

5 

0 

-5 

HVAC off 

. .. . . .. .. 

. , . . 
' 

.. . . . -•II ... 
"' 

.. 
Ill 

• .. . ' '. 

.. . ' ... 
I I II : , \ 

. .. .. 
" .. .. . . '. 

' . ... 
,; I 

. ' ... 

.. . . ... ... ,'/ 
~: ... ... .. ' . :: . ... •, ' ..... 

I t 1 I 11 
I I 11 11 

I 11 \ .. ' 
' . . . . . .. 

•'. :· 

... . .. 

.. 

. ' 
'• 

' 

' . 
" '· :· 

' • . .. 
'' •• It 

6/7/90 6/11/90 6/15/90 6/19/90 6/23/90 6/27/90 7/1/90 7/S/90 7/9/90 

Figure 2. 

.,_ Basement b. P 

·· · • · · Basement Radon 
····•· · · Kitchen Radon 

Radon levels and differential pressures with air handler 
on and off. 

l \ ~ 



-., 
Pot 

'tS c ., 
M ...... .... 
CJ 
Ill -
p.. 
<Cl 

'O c 
ftl 

c 
0 
'tS ., 
c:ir: 

7 

6 

5 

4 

3 

2 

1 

0 
7/25/90 7/29/90 8/2/90 

.,__ Basement .6.P 

.,_ Basement Radon 

····&··- Kitchen Radon 

8/6/90 

Figure 3. Radon levels and differential pressures with the air 
handler on continuously 

l 1 9 



! 
j 

i 
J , 

-.., 
Cl. 

~· ,., 
~ ..... 
-~ 

~ -
Cl. 
~ 

i • 

J 

5 -

4 

3 

2 

1 

0 
B/15/90 8/16/90 8/1'7 /90 

~ ... asement ~P 

~ Basement Radon 

····•·· ·Kitchen Ra n 

8/18/tO 

Fif\lr• 4. Radon levels and differential pressures with the air handler 
operating in normal cooling mode 

\. '.2 b 



~Qoutsid~ 

4 Pa 

Qbase 

Measured Effective Leakage Area (ELA) 

ELA House less floor = 69 sq in. 

ELA Basement less floor = 40 sq in. 

ELA floor = 35 sq in. 

Calculated directly from 
pressure - ELA data using 
airflow through a sharp 
edged orifice 

Qoutside should equal 
Qout. Although 53 does 
not equal 87 the 
difference is within the 
experimental error of the 
measurements. 

Qf loor = 83 cfm ± 25 cfm 
Qout = 87 cfm 
Qoutside = 53 cfm ± 20 cfm 

Assuming that the 
return leaks equal the 
supply leaks 
Qbase = Qoutside + Qf loor 

Resulting in Qbase 
estimates of 
Qbase = 136 - 170 cfm 

This compares well with Qbase estimated from 
the ductwork airflow measurements of 138 cfm. 

Figure 5. Airflows and pressure patterns with the air handler on 
low speed 
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RADON CONTROL PROFESSIONALS, INC. 
11920 Fieldthorn Ct. 

Reston, Va. 22094 
(703) 471-9459 

INSURED 
LICENSED 

EPA TRAINED 

CORRELATION OF SOIL RADON AVAILABILITY NUMBER WITH INDOOR RADON 
AND GEOLOGY IN VIRGINIA 'AND MARYLAND 

Stephen T. Hall 
Radon Control Professionals, Inc. 

Soil radon availability number measurements by RCP have yielded 
correlations with both indoor radon levels and various geologic units. 
Radon availability number is a function of soil radon concentration, 
permeability, and diffusion rate. The equipment consists of a Pylon 
radon monitor with attached Lucas cell and RCP-developed soil probe. 

Determined radon availability numbers plotted against indoor 
radon levels revealed two distinct populations separating buildings 
with basements from those without basements or with other construction 
factors. 

Thus, soil tests are being used with favorable success to predict 
the potential for elevated indoor radon levels and enable the design 
of pre-construction mitigation systems with the correct magnitude and 
location of ventilation points. 
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