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Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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. Abstract

Active sub-slab depressurization (SSD) systems are an effective means of
reducing indoor radon concentrations in residential buildings. However, energy is
required to operate the system fan and to heat or cool the resulting increased building
ventilation. We present regional and national estimates of the energy requirements,
operating expenses, and CO, emissions associated with using SSD systems at saturation
(i.e., in all U.S. homes with radon concentrations above the EPA remediation guideline
and either basement or slab-on-grade construction). The primary source of uncertainty in
these estimates is the impact of the SSD system on house ventilation rate. Overall,
individual SSD system operating expenses are highest in the Northeast and Midwest at
about $99 y’l, and lowest in the_South and West at about $66 y'l. The fan consumes, on
average, about 40% of the end-use energy used to operate the SSD system and accounts
.for about 60% of the annual expense. At saturation, regional impacts are largest in the
Midwest because this area has a large number of mitigable houses and a relatively high
heating load. We estimate that operating SSD systems in U.S. houses where it is both
appropriate and possible (about 2.6 million houses), will annually consume
1.7x10* (6.4x10° to 3.9x10%) TJ of end-use energy, cost $230 (130 to 400) million (at
current energy prices), and generate 2.0x10° (1.2x10° to 3.5x10°) kg of CO,. Péssive or
energy efficient radon mitigation systems currently being developed offer opportunities to

substantially reduce these impacts.

Key word index: sub-slab ventilation, energy, cost, CO, emissions, active sub-slab

depressurization



Nomenclature

)

cost to cool the additional air flow for an average house ($ y™' per house)

cost to run the SSD system fan ($ y™' per house)

fuel cost (3 GJ')

cost to heat the additional air flow for an average house ($ y”' per house)

cost to heat the additional air flow for a particular fuel ($ y™' per house)
heat capacity of air (1000 J kg' K

energy required to cool the additional air flow fof an average house
(GI 'y per house)

regional CO, emission factor (kgCO, GJ")

energy required to run the SSD system fan for an average house

(GJ y™! per house)

energy required to heat the increased air flow for an average house
(Gl y! pef house)

energy required to heat the increased air flow for the "i - th" fuel type
(Gl y"! pér house)

latent-heat energy demand for an average house (GJ y™' per house)
fraction of single-family homes with air conditioners (-)
fraction of houses that use the "i - th" fuel type (-)
fraction of homes with air conditioners who use them regularly (-)
mass of CO, emitted from producing the cooling energy
(kgCO, y"' per house)

regional CO, emissions (lO3 tCO,)

mass of CO, emitted from producing the fan energy (kgCO,y™ per house)

mass of CO, emitted from producing the heating energy
(kgCO;, y'1 per house)

mass of CO, emitted for a particular heating fuel (kgCO, y™' per house)



Ncpp annual number of cooling degree days for each region (K d)

Ny number of houses in which an SSD system is appropriate (-)
Nupp annual number of heating degree days (K d)
Ny annual number of latent enthalpy-days (J dkg") -

o effective house ventilation rate with the SSD system operating (m° s™)
0, unperturbed house ventilation rate (m> s™)
QSSD

flow through the SSD pipes (m3 s'l)

ratio of the latent heat to sensible cooling energy load (-)

S regional electric utility sales (GWh)

Greek letters

n efficiency of the heating and distribution system (-)
N, efficiency of the cooling and distribution system (-)
n, efficiency of the distribution system (-)

n, heating equipment efficiency (-)

p air density (1.2 kg m™)

Note: (-) indicates a variable is non-dimensional.



Introduction

Exposure to indoor radon progeny is the single largest source of radiation
exposure in the U.S. general population [1]. Lubin and Boice [2] estimate that 10% of
annual U.S. lung cancer deaths are due to a lifetime of this exposure. Even in houses
with average concentrations, the estimated risk of lung cancer attributable to radon
exposure is 0.4% [3]. This risk is orders of magnitude larger than that associated with
many man-made pollutants present in outdoor air and drinking water.

The largest source of radon in homes with elevated concentrations is the soil
adjacent to the building [4]. In houses with basements, the common entry pathways are
cracks in the slab, the crack between the slab and the basement walls, and unsealed
penetrations in the basement walls. Entry can also occur through permeable walls,
especially those made from concrete blocks. A relative depressurization of the basement
with respect to outdoor air (typically on the order of one to ten Pa) is often sufficient to
draw significant amounts of radon-laden soil gas into the house. Indoor-outdoor
temperature differences, heating equipment, mechanical ventilation, and wind can all
contribute to this depressurization.

Sub-slab depressurization (SSD) ié the most commonly applied and thoroughly
tested technique for reducing radon entry into houses. The system typically consists of a
pit in the sub-slab grave] layer into which a pipe connected to outdoor air has been
inserted (Figure 1). A small fan in the pipe draws radon-bearing soil gas from the gravel
layer and exhausts it to the outdoors. For the system to be effective, the pressure gradient
between the basement and the gravel layer must be reversed throughout the gravel layer.
This requirement drives the selection of fan power and placement of the system pit(s). |

For many houses, SSD systems are effective at reducing indoor radon
concentrations. However, the system’s energy requirements can be considerable. In
addition to removing soil gas and radon from below the slab, house air is drawn into the
gravel layer and exhausted to the outdoors. The overall house ventilation rate therefore
increases. Energy must be supplied to condition this increased air flow and power the

system fan.



Several investigators have studied the energy use and costs associated with SSD
system operation in individual houses. Clarkin et al. [5] performed tracer-gas decay
experiments in one Pennsylvania and two Virginia homes to determine the additional
house ventilation generated by a SSD system. For these houses they estimated an
increase in annual heating costs ranging from $4 to $32. Bohac et al. [6] studied a group
of houses in the Twin Cities metropolitan area. They concluded that the SSD systems
increased the annual energy expense by $75. About half of this expense was due to
increased heating requirements; the remainder was due to operation of the system fan.
Henschel [7] examined SSD system operating costs for both a 50 and 90 W fan. He
reports annual fan energy costs of $35 and $63 for the 50 and 90 W fan, respectively, and
corresponding incremental conditioning costs of $39 and $79. Fisk et al. [8] estimate the
annuai increase in energy expense resulting from S§D system use in a Chicago climate is
$42 for homes with gas heat, and $165 for electric resistance heat. Bonnefous et al. [9],
using a numerical model to estimate the increase in house ventilation from an SSD
system with two fans, predict an annual incremental heating expense of $345 for a
Chicago climate. The increased ventilation used in this study is large compared to the
values from the previous four studies, and accounts for the relatively large annual
expense. We have not incorporated these modeling results into our calculations. Groups
in Canada [10] and Sweden, [11] and [12], héve also examined SSD system effectiveness
and installation costs. Ericson et al. [11] report annual operating costs of $12 (1984 $).
This amount does not include costs associated with the increased building ventilation
associated with the SSD system operation.

These estimates are all for specific homes or for an average home in a specific
climate. No effort has yet been made to determine the regional and national energy
implications of SSD system operation at saturation. The purpbse of this study is to make
such estimates. We consider regional distributions of housing characteristics, types of
heating fuels used, and heating and cooling loads. Estimates of SSD system operating
expenses are computed using regional fuel prices. The CO, emissions associated with

SSD system operation are computed by considering each region’s mix of fuel use and the



emission factor associated with each fuel. This parameter 1is presented as a metric of the

potential environmental effects associated with SSD energy use.

Methods
Overview

To estimate the energy, cost, and CO, emission implications of SSD operation, we

have combined data from field tests and national surveys of housing characteristics and

fuel use. For an average house in each region, we determine the heating, cooling, and fan
energy requirements of SSD system operation. We then calculate the number of houses
in each region where an SSD system would be appropriate. In particular, these are the
houses with a basement or slab-on-grade construction whose radon concentrations are
above the EPA remediation guideline of 148 Bq m™.

The additional house ventilation generated by SSD system operation is estimated
from the results of four field studies. This estimate is the largest source of uncertainty in
our calculations, primarily because the available data are scarce. We therefore provide a
range of values for our predictions based on this uncertainty.

| Space conditioning costs are computed by means of a degree-day method [13] that
accounts for heating and cooling equipment and air distribution system efficiencies. The
significant regional variation in fuel costs, types of heating fuel used, and CO, emission
factors are included in our determination of cost and CO, emissions..

We have neglected the additional heating load imposed on the house by the SSD
system drawing cool air through the soil and decreasing winter-time soil temperatures. A
complex computer model would be required to accurately estimate the effect of soil
cooling on the overall energy requirements of the SSD system. However, assuming that
50% of the air flow out of the SSD system originates from outdoors and 50% from
indoors, conservation of energy dictates that this conduction heating load can be no
greater than the increased heating load from additional infiltration. In reality, the
additional load associatec?l with soil cooling is likely to be substantially smaller than the

loads calculated in this paper, and neglecting it makes our estimates of cost and energy



use conservative (i.e., real cost and energy increases are likely to be somewhat higher

than our estimates).

Census and EPA Regions

We have estimated the impacts associated with the operation of SSD systems on
both a census region and national basis. The indoor radon concentration data available to
us are divided into EPA regions [14] which do not exactly match the census regions.
Table 1 shows the division of states into the four census regions: Northeast (NE),
Midwest (MW), South (S), and West (W). We group EPA regions 1 and 2 into the NE
census region; EPA regions 5 and 7 into the MW census region; EPA regions 3, 4, and 6
into the S census region; and EPA regions 8, 9, and 10 into the W census region. There
are four states which do not fit this categorization: Pennsylvania (EPA region 3, is placed
in the NE census region), North and South Dakota (EPA region 8, are placed in the MW
census region), and New Mexico (EPA region 6, is placed in the S census region). We

assume that the error associated with grouping these four states as described is small.

SSD-Induced House Ventilation

In addition to removing radon-bearing soil gas from below the slab, SSD systems
increase the house ventilation rate. We use data collected during four studies of installed
SSD systems to estimate this increase in air flow through the house. Two of the studies
([15] and [16]) directly measured the increase in house ventilation caused by the SSD
system. Turk et al. [15] measured an average 5x10° m® s increase in seven Pacific
Northwest homes. In a study of five New Jersey homes, Turk et al. [16] report an average
increase in ventilation rate of 2.5x10% m’s™.

The remaining two studies ([17] and [5]) measured flow rates through the SSD
pipes and the proportion of the flow that originated in the house. To estimate the increase
in house ventilation rate for these two studies we use an equation from the LBL

infiltration model [18]

0=40," + Qs D



where Q is the effective house ventilation rate with the SSD system operating (m’ sh, 0,
is an estimate of the unperturbed house ventilation rate (m* s), and QOqp 1s the portion of
the flow through the SSD pipes (m® s™') that originated in the house.

To utilize equation 1, an estimate of a typical house ventilation rate, Q,, is
required. Pandian et al. [19] summarized residential ventilation data based on 1836
perfluorocarbon tracer measurements across the U.S. They report an arithmetic mean and
standard deviation of 0.60 and 2.2 ACH, respectively, for houses in the Northeast (this
region is different than the NE region we have defined, but includes the areas of the
Bohac [17] and Clarkin [5] studies). The national average heated floor area for single-
family homes ivs 173 m? [20]. Therefore, asshming a ceiling height of 2.4 m (8 ft), O, 1s
6.9x102 m’ s\,

Equation 1 is used to compute the house ventilation rate, Q, after installation of
the SSD system. The difference between Q and Q, represents the effective increase in
ventilation rate generated by the SSD system.

Table 2 summarizes the results from these four studies. The average increase in
ventilation rate produced by the SSD systems is 9x10% m*s'. It is not possible, given
our understanding of the system, for the house ventilation rate to decrease as a result of
SSD system operation. We hypothesize that the two decreasés observed in the Turk -
Spokane [15] study are a result of factors other than the SSD system (e.g., wind). The
value of 6.9x10% m’s™ (in the Turk - N.J. [16] study) is a significantly larger flow than
the system fan is capable of generating. Again, we hypothesize that an external factor is
responsible for this large increase. These three values do not, however, significantly
affect the mean. The increase in ventilation rate calculated from the entire dataset
(9x10° m®s™") is used as the estimate of additional air that must be conditioned
throughout the year.

The approximation that this increase in ventilation rate is constant over time
implies that varying weather conditions do not have a large effect on the SSD system’s
annual energy requirements. Given the large uncertainty in the average value of the

increase in ventilation rate, our estimate would not be substantially improved by



attempting to account for weather effects. We make the further approximation that the
ventilation rate measurements of the four studies were made during weather conditions
representative of the average. The scarcity of data, both geographically and temporally,
prevents us from improving on this approximation.

For comparison, Henschel [7] assumed a SSD-induced increase in house
ventilation of 1.8x102 m® s for a 90 W fan. However, this estimate is not based on
data from real SSD systems. Fisk et al. [8], report an increased ventilation rate of
2.0x102m’ s, The current study improves on these estimates by including more data
from installed SSD systems.

If the increase in ventilation rate data were statistically independent and normally
distributed, the 95% confidence intervals for the increase across the housing stock would
be 4.5x103 to 1.1x102 m’ s\ However, the data are neither normal nor independent,
nor is the dataset large enough to formally correct for these circumstances. We therefore
choose a range bounded by the minimum and maximum averages from each of the four
studies mentioned above, or 6.8x10™ to 2.5x102m’s!. Sixteen of the twenty one
datapoints fall within this range. The uncertainty in the increased house ventilation rate
dominates the error in our predictions. SSD energy use, operating costs, and CO,
emissions that we report include a mean and an uncertainty range based on the above

approximations.

Heating Energy Requirements

The mix of fuels used to heat homes varies with region. We define f; to be the

fraction of houses that use the "i-th" fuel type for heating in each region of the country
(-). In the Northeast natural gas and fuel o1l constitute the major heating energy sources.
Natural gas and electricity are the major sources in the South, and natural gas is the

largest source in the West and Midwest.
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The energy required to heat the increased air flow through the house for the

"i-th" fuel type, E,. (GJy™ per house), is

. 2
" n day 10°J @

_ 9p¢,Nupp (8.64x104 s)( GJ )
where p is the air density (1.2 kg m'3), c, is the heat capacity of air (1000 J kg'1 K'l),
N,pp is the annual number of heating degree days (K d), and 77 is the efficiency of the
heating and distribution system (-). The number of heating degree-days, for a single day,
is the difference between the day’s average temperature and 18 °C if this difference is a
positive number, and O if it is a negative number. For this study, we use “normal heating
degree-days”, which is the average number of heating degree-days per year between 1951
and 1980 [20]. N, varies by fuel type because the geographic distribution of fuel-type

use is not homogeneous within each region.

The overall efficiency, 7, of each heating device is

T’ = nend (3)

where 77, is the equipment (e.g., furnace) efficiency for the particular fuel type (-), and "
n, is the efficiency of the distribution system in delivering the conditioned air (-). A

population-weighted national average efficiency for LPG, natural gas, and fuel oil

furnaces is 0.68 [21]. We take the efficiency of electric furnaces to be 1.0, of keroséne

heaters to be 0.70, and wood stoves to be 0.30 [22].

In a study of hQuses with basements, Treidler and Modera [23] predict a duct
distribution efficiency of 0.83. This efficiency is an average from three prototypical
houses (one each in Georgia, Minnesota, and the District of Columbia), and considers
both heating and cooling losses. 1In another- paper, Modera [24] reports a 0.6-0.7
{distribution efficiency for a house in a moderate California climate. For this study, we

approximate the distribution system efficiency to be 0.75 for electric, LPG, natural gas,

11



and fuel oil furnaces. A distribution efficiency of 1.0 is used for kerosene and wood
heaters.
The energy required to heat the increased ventilation flow for an average house,

E, (GJ y'1 per house), in each region is

E,= ZfiEhi | 4)

fuels

Cooling Energy Requirements

We assume the increase in ventilation flow produced by the SSD system during
the cooling season is the same as during the heating system (Q = 9x10™ m’> s™). Ninety
nine percent of the central air conditioners in the United States are electric; the remaining
are either LPG or natural gas ([20], Table 54). For simplicity, we assume that all the air
conditioners in the country are electric.

The fraction of single-family homes with air conditioners, f,. (-), 1s

approximated by the ratio of the number of households with air conditioners to the total
number of households in each region. In contrast to our assumption regarding the use of
heating equipment, we assume that not all homes with air conditioners use them
regularly. In the RECS [20] survey, households were asked how often they used their air
conditioners. Four categories were available: *not at all”, “only a few times”, “quite a
bit”, and “all summer”. We take the fraction of houses with air conditioners who use

them regularly, f,, (-), to be the fraction of households that declare a usage of “quite a

bit” or “all summer”.

The annual number of cooling degree days for each region, N.,, (K d), is
determined analogously to N,,, . We use an average stock efficiency for the air
conditioner of 8.09 Btu W' h' [25] and a distribution system efficiency of 0.75. The

coefficient of performance is therefore 2.4. The overall cooling system efficiency, 1, (-),

is the product of the coefficient of performance and the distribution efficiency, or 1.78.
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In addition to the sensible energy required to cool the air, there is a latent-heat

energy, E,, (GJ y"' per house) associated with condensing a fraction of the water in the air

stream. We use the technique of Byrne et al. [26] to estimate this energy demand

_ OpN,,, (8.64x10* s\ GI
Eu = n. day 10°] : )

where N, is the number of latent enthalpy-days (J d kg!). Huang et al. [27] tabulate
the number of latent enthalpy-days and the number of cooling degree-days for 45 cities in

the U.S. The ratio of the latent-heat to sensible-cooling energy load, R (-), is

NLHD

R=
NCDDCp

(6)

We calculate the average value of R for the cities in each region and assume that this
average represents conditions throughout the region. For example, in the Northeast, the
. latent-heat energy adds an additional 13% energy requirement to the sensible-cooling
load. The largest ratio is in the South, where, on average, the latent-heat load adds 25%
to the cooling energy requirements.

The energy required to cool the increased flow of air generated by the SSD

system, E, (GJ y' per house), is calculated analogously to E, (see Equation 2).
However, E_ also depends on the latent-heat load and the fraction of homes that use their

air conditioner on a regular basis:

_ 9pc,Nepp ' 8.64x10* s ) GIJ
EC ————n——(l'*'R)fAcfu_\»e day (]OQJ) (7)

Fan Energy Requirements
The majority of fans used in SSD systems are either 50 or 90 w. Typically, the

90 W fan is used in existing homes, and a 50 W fan is used in new construction where a

13



sufficient sub-slab gravel layer has been installed. From-conversations with several
mitigators and researchers (e.g., [28] and [29]), we estimate that 85% of the fans currently
being installed are 90 W, and 15% are 50 W; thus the average rated fan power is 84 W.
Fans under load draw about 80% of their rated power [6]. Therefore, assuming

continuous operation, the fan energy required for the average house, £, (GJ y'! per

house), is 2.1 GJ y'l per house.

Fuel Costs

Column 7 of Table 3 shows the regional cost of each type of fuel, C,,, ($ GI'h
[30]. The energy cost of wood 1s approximated by assuming a price of $100 t"! and an
energy content of 15 GJt'. Because the fraction of homes that use wood for heat is
small, the error introduced by the uncertainty in this price has a negligible effect on the

overall energy cost.

Heating Costs

- The cost to heat the additional ventilation flow for a particular fuel, C,, ($ y" per

house), is E,,C The cost to heat this flow, C, ($y"' per house), for an average house

Suel ©

in each region is

C, = fCy , (8)

Suels

Cooling and Fan Costs

The cost to cool the additional air flow for an average house, C. ($ y"' per house),
is the product of E_ and the cost of electricity. The cost to run the SSD system fan, C,

($ y"' per house), is the product of E ; and the cost of electricity.

14



CO, Emissions
Regional CO, emission factors for electricity production are a function of the
area’s mix of electrical power generating fuels. To account for this, we weight the

national average of 186 kgCO, GJ' [31] by each region’s CO, emissions, Meo,

(10° tCO,), per electric utility sales, § (GWh) [32]. The regional CO, emission factor,
€co, (kgCO;2 GJ™"), is then approximated as

Mco,
"od]_
=]
national

where the subscripts region and national refer to the geographical area over which the

eco, = (186 kgCO, GI™)

ratio is taken. The CO, emission factors for natural gas, fuel oil, LPG, and kerosene are
independent of region [33]. Wood has a net emission factor of O if it is harvested
sustainably; this is the value we use here.

The mass of CO, emitted for a particular heating fuel, M,, (kgCO, y™! per house),
is E,.ec,, - The mass of CO, emitted from producing the heating energy, M, (kgCO, y"

per house), is

M, =) fM, | (10)

Suels

The CO, emissions generated as a result of producing the cooling energy, M,
(kgCOs y! per house), and system fan energy, M, (kgCO; y"! per house), are E eco, and

E,ec,, , respectively. In these two expressions, ec,, is the emission factor for electricity.

Number of Houses Where an SSD System is Applicable
The number of houses in each region with annual-average, living-area indoor

radon concentrations greater than 4 pCi 1! was estimated by Marcinowski et al. [14] (here

15



we assume that the EPA and census regions match). We take the fraction of houses in
each region where an SSD system is appropriate as the fraction of single-family houses
with a basement or slab-on-grade construction. The number of houses in which an SSD
system is appropriate, N, (-), is calculated as the product of the number of houses with
indoor concentrations greater than 4 pCi I and the fraction of houses with a basement or
slab-on-grade construction. |

The annual energy required to run all the SSD systems in each region is

N, (E, +E, +E,). The annual cost for this energy is N,(C, + C, +C,), and the resulting
» annual CO, emissions are N,(M,+M_+M ) Finally, the energy, cost, and CO,

emissions for the entire United States are calculated by combining the values from the
four regions.
In these computations, we have made the. approximation that the type of heating
fuel used, radon levels, and substructure type are uncorrelated. To decide whether a more
| complex analysis was necessary, we examined the radon levels in the National
Residential Radon Survey (NRRS) [34] by both house substructure type and type of
heating fuel used. We found that the substantive results of performing the analysis with
the NRRS data are only slightly different from the results presented here. Most of the
discrepancies in estimated energy cost and energy usage are due to the fact that the NRRS
suggests a somewhat higher proportion of mitigable homes with high radon
concentrations would be electrically heated (and fewer would be gas or oil heated). In no
region were the differences between the results presented here and those using the NRRS
data greater than 15 percent. Since use of the .NRRS entails its own problems of
correcting for small sample sizes (the survey sampled only 125 of about 3,100 counties in
the U.S.), a simple analysis based on it would not necessarily be more accurate than the

present work.

Results and Discussion
Regional, Per-House Impacts of SSD System Use
Calculated heating energy impacts and expenditures are summarized in Table 3.

The energy, E, (Table 3, column 6), required to heat the additional ventilation air ranges

16



from 2.1 GJ y! per house in the South to 5.8 GJ y' per house in the Midwest. The cost

of supplying this energy, C, (Table 3, column 8), varies from $19 y™' per house in the

South to $45 y'1 per house in the Midwest. The CO, emissions associated with this

energy generation, M, (Table 3, column 10), range from 160 kgCO, y"! per house in the

South to 370 kgCO, y™' per house in the Midwest; The pef-house heating energy, cost,
and associated CO; emissions are largest (and comparable) in the Northeast and Midwest.
Calculated cooling energy impacts and expenditures are summarized in Table 4.

The cooling energy requirements, E_ (Téble 4, column 7), are much lower than the

heating energy requirements. Our estimates range from 0.05 GJ y! per house in the
Northeast to 0.51 GJ y"' per house in the South. The cooling energy requirements are
highest in the South where more homes have air conditioners, more of the homes with air
conditioners use them, and the number of cooling-degree days is relatively large. Cooling
fuel costs attributable to the SSD system, C. (Table 4, column 8), are relatively small,
ranging from $1 to $9 y'l per house. CO, emissions, M, (Table 4, column 9), are largest
in the South, at 90 kgCO, y™' per house.

The required fan power per house is independent ‘of region. Therefore, the
variations in fan operating expense and CO, emissions are a function only of regional
electricity costs and CO, emission factors. Table 5 summarizes our calculations. Among

regions, the average cost to run the fan, Cj. (Table 5, column 3), varies from $38 to
$55 y‘l per house, while CO, emissions, M, (Table 5, column 4), range from 300 to

540 kgCO- y ! per house. The emissions generated from producing power for the fan are
the largest contributor to CO, emissions associated with SSD system operation.

Table 6 gives the per-house energy use, expense, and CO, emissions associated
with SSD system operation. Overall energy requirements range from 4.7 to 7.9 GJ y"' per
house. Costs vary from $66 té $99 y' per house. CO, emissions range from 500 to
930 kgCO, y'1 per house. The fan consumes, on average, about 40% of the end-use
energy used to operate the SSD system. However, because electricity is the most

expensive fuel, the fan accounts for about 60% of the annual expense in all four regions.
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For comparison, a new, energy efficient refrigerator of moderate size (18 ft*)
consumes about 2.3 GJ y'. We predict that a SSD system will use about two to three
times this amount of energy; the lower value corresponding to a house in the South or

West, and the higher value corresponding to a house in the Midwest or Northeast.

Regional and National Implications

Table 7 summarizes our calculations of the regional and national energy demand,
cost, and CO, emissions associated with SSD systern operation at saturation. Here we
assume that all houses with a basement or slab-on-grade construction that also have
indoor radon concentrations above 4 pCi I"' are mitigated with a SSD system (about 2.6
million houses nationwide). The impacts are largest in the Midwest, where the heating
load and the number of mitigable houses are large.

Over the entire U.S., we estimate that, annually, 1.7x10* (6.4x10° to 3.9x10%) TJ
of end-use energy would be consumed by the SSD systems at a cost of about $230 (130 to
400) million. In addition, about 2.0x10° (1.2x10° to 3.5x10%) kgCO, per year would be
emitted-as a result of producing this energy. The ranges presented here are based on our
uncertainty in the increased house ventilation rate caused by the SSD system.

For perspective, the energy consumed nationally by the SSD systems at saturation
is approximately equal to the energy consumed by 230,000 cars. The national CO,
emissions associated with SSD system operation are about equal to the CO, emissions of

350,000 cars [35].

Conclusions |

The implications of operating SSD systems in homes with radon concentrations
above the EPA remediation guideline are considerable. Individual SSD system operating
costs vary, by region, between $66 and $99 per year. The higher cost corresponds to a
house in the Northeast or Midwest, and the lower cost to a house in the South or West.
By combining data of the distribution of indoor radon concentrations and house
substructure types, we estimate a national annual cost of $230 (130 to 400) million at

saturation. This cost is associated with an annual national energy demand of

18



1.7x10* (6.4x10° to 3.9x10% TJ, and 2.0x10° (1.2x10° to 3.5x10%) kg of CO, emissions.
Because of its relatively high heating load and large number of mitigable houses, the
impacts of SSD use are largest in the Midwest. Improving our estimate of the SSD-
induced house ventilation could suBstantially decrease the uncertainty in these
predictions. '

Very little research has been conducted to optimize the energy efficiency of SSD
systems. Saum [36] and Fisk et al. [8] have reported satisfactory performance with a
10 W system fan for some new houses. Passive, or energy-efficient systems ([37] and
[8]), offer opportunities to drastically reduce the fan energy required by SSD systems.
We expect these techniques will also have a much smaller impact on house ventilation,
thereby largely avoiding the heating and cooling expenses associated with SSD system
use. Further research should be aimed at defining the possible energy savings, relative
effectiveness of reducing indoor concentrations, and applicability of these low-energy

mitigation techniques.

Acknowledgments-This work was supported by the Assistant Secretary for Energy
Efficiency and Renewable Energy, Office of Building Technologies, Building Systems
and Materials Division of the U.S. Department of Energy (DOE) under contract no. DE-
ACO03-76SF00098. The authors wish to thank Phil Price for his help in analyzing the
NRRS data and reviewing the manuscript, Barbara Litt for her help in navigating the

RECS database, and Jonathon Koomey and David Faulkner for reviewing the manuscript.

References

1 A. V. Nero, Controlling indoor air pollution, Scientific American, 258 (5) 42-48
(1988).

2 J.H. Lubin and Boice J. D., Jr., Estimating Rn-induced lung cancer in the United
States, Health Physics, 57, 417-427 (1989).

3 EPA, “Technical Support Document for the 1992 Citizen’s Guide to Radon”, U.S.
Environmental Protection Agency, EPA 400-R-92-011 (1992).

19



10

11

12

W. W. Nazaroff, Radon transport from soil to air. Reviews of Geophysics, Vol. 30
(2), pp. 137-160 (1992).

M. Clarkin, T. Brennan and M. C. Osborne, Energy penalties associated with the use
of a sub-slab depressurization system, Proceedings. 1990 International Symposium
on radon and radon reduction technology, Atlanta, GA, Vol. IV, paper D-VIII-1,
USEPA, EPA/600/9-90-005d, Research Laboratory, Research Triangle Park, NC
(1990).

D. L. Bohac, T. S. Dunsworth, L. S. Shen and C. J. Damm, The energy penalty of
sub-slab depressurization radon mitigation systems, Proceedings. 1991 International
Symposium on Radon and Radon Reduction Technology, Philadelphia, PA, Vol 4,
VII-3, USEPA, EPA/600/9-90-005¢, Research Laboratory, Research Triangle Park,
NC (1991).

D. B. Henschel, Cost analysis of soil depressurization techniques for indoor radon
reduction, Indoor Air, Vol. 3, pp. 337-351 (1991).

W.J. Fisk, R. J. Prill, J. Wooley, Y. C. Bonnefous, A. J. Gadgil and W. J. Riley,
New methods of energy efficient radon mitigation, Health Physics, ‘Vol. 68, 5,

pp. 689-698, (1995).

Y.C. Bonnefous, A. J. Gadgil and W. J. Fisk, Impact of subslab ventilation

technique on residential ventilation rate and energy costs, Energy and Buildings,
Vol. 21, pp. 15-22 (1994).

D. C. Sanchez, A review of the Canadian and Swedish experience for the control of
indoor radon, Proceedings of the second APCA international specialty conference,

Indoor Air, Vol. II, pp. 92-97, Cherry Hill, NJ (1987).

'S.-0O. Ericson, H. Schmied and B. Clavensjo, Modified technology in new

constructions, and cost effective remedial action in existing structures, to prevent
infiltration of soil gas carrying radon, Radiation Protection Dosimetry, Vol. 7, pp.
223-226 (1984).

S.-O. Ericson and H. Schmied, Modified design in new construction prevents
infiltration of soil gas that carries radon, Radon and its decay products, edited by P.

K. Hopke, pp. 26-535 (1987).

20



13

14

15

16

17

18

19

20

21

22

23

24

ASHRAE, 1993 ASHRAE Handbook: Fundamentals, American Society of Heating,
Refrigerating, and Air Conditioning Engineers, Atlan,ta, GA (1993).

F. Marcino.wski, R. M. Lucas and W. M. Yeager, National and regional distributions
of airborne radon concentrations in U.S. homes, Health Physics, 66 (6), 699-706
(1994). .

B. H. Turk, R. J. Prill, W. J. Fisk, D. T. Grimsrud, B. A. Moed and R. G. Sextro,
Radon and remedial action in Spokane river valley homes, Volume 1: experimental
design and data analysis, LBL Report 23430, Lawrence Berkeley Laboratory,
Berkeley, CA (1987).

B. H. Turk, J. Harrison and R. G. Sextro, Performance of radon control systems,
Energy and Buildings, 17, 157-175 (1991).

D. L. Bohac, L. S. Shen, T. S. Dunsworth and M. W. Hancock, Radon mitigation
energy cost penalty research project, year 2, Minnesota Building Research Center,
Univ. of Minnesota, MN (1993).

M. H. Sherman, Simplified modeling for infiltration and radon entry, LBL report

3 1'305, Lawrence Berkeley Laboratory, Berkeley, CA (1992).

M. D. Pandian, W. R. Ott and J. V. Behar, Residential air exchange rates for use in
indoor air and exposure modeling studies, Journal of Exposure Analysis and
Environmental Epidemiology, 3 (4), 407-415 (1993).

RECS, Residential Energy Consumption Survey, Housing Characteristics 1990,
Energy Information Administration, DOE/EIA-0314(90) (1992).

GRI, Gas Research Institute, Baseline projection data book - GRI baseline projection
of U.S. Energy supply and demand to 2010, (1993).

S. H. Boghosian, Personal correspondence, Lawrence Berkeley Laboratory,

‘Berkeley, CA (1994).

B. Treidler and M. Modera, Thermal performance of residential duct systems in
basements, LBL report 33962, Lawrence Berkeley Laboratory, Berkeley, CA (1994).
M. Modera, Characterizing the performance of residential air distribution systems,

Energy and buildings, 20, 65-75 (1993).

21



25

26

27

28
29
30

31

32

33

34

35

J. W. Hanford, J. G. Koomey, L. E. Stewart, M. E. Lecar, R. E. Brown, F. X.
Johnson, R. J. Hwang, and L. K. Price, Baseline data for the residential sector and
development of a residential forecasting database, LBL report 33717, Lawrence
Berkeley Laboratory, Berkeley, CA (1994). '

S.J. Byme, Y. J. Huang, R. L. Ritschard and D. M. Foley, The impact of wind
induced ventilation on residential cooling load and human comfort, LBL report
20919, Lawrence Berkeley Laboratory, Berkeley, CA (1986).

Y. J. Huang, R. Ritschard, J. Bull and L. Chang, Climate indicators for estimating
residential heating and cooling loads, LBL report 21101, Lawrence Berkeley
Laboratory, Berkeley, CA (1986). |

L. Ellis, Personal correspondence, FanTech, Sarasota, F1 (1994).

J. Paskarich, Personal correspondence, Safe Air, City, Il (1994).

EIA, Energy Information Administration, State energy price and expenditure report,
1991, DOE/EIA-0376(91), 19 and 174 (1993(a)).

J. G. Koomey, F. X. Johnson, J. E. McMahon, M. C. Orland, M. D. Levine, P. Chan
and F. Krause, An assessment of future energy use and carbon emissions from U.S.
residences, LBL report 32183, Lawrence Berkeley Laboratory, Berkeley, CA, 21,
December, (1993).

EIA, Energy Information Administration, Electric Power Annual, 1990, DOE/EIA-
0348(90), 56 and 75 (1992). '

EIA, Energy Information Administration, Emissions of greenhouse gases in the
United States, 1985-1990, DOE/EIA-0573(91), 15 (1993(b)).

R. M. Lucas, R. B. Grillo, A. Perez-Michael and S. S. Kemp, National residential
radon survey statistical analysis, Volume 2, Summary of the questionnaire data,
prepared for the Office of Radiation Programs, USEPA, Contract 68D90170,
RTI/5158/49-_2F, Research Triangle Park, NC (1992).

EIA, Monthly energy review: February 1994, DOE/EIA-0035 (94/02), 19 (1994).

22



36

37

38

D. W. Saum, Mini fan for SSD radon mitigation in new construction, Proc. 1991
International Symposium on Radon and Radon Reduction Technology, Philadelphia,
PA, vol. 4, paper VIII-5, USEPA, EPA/600/9-90-005¢, Research Laboratory,
Research Triangle Park, NC (1991).

D. W. Saum and M. C. Osborne, Radon mitigation performance of passive stacks in
residential new constructiém, Proc. 1990 International Symposium on Radon and
Radon Reduction Technology, Atlantd, GA, vol. V, paper VIII-2, USEPA,
EPA/600/9-90-005¢, Research Laboratory, Research Triangle Park, NC (1990).
EPA, Radon reduction techniques for existing detached houses, U.S. Environmental

Protection Agency, EPA/625/R-93/011, 141, (1993).

23



Figure 1. Schematic of an SSD system [38]. The system fan draws radon-bearing soil gas
from the pit and exhausts it to the outdoors.

Table 1. Placement of the states into the four Census Regions [20] and [14].
Table 2. Additional house ventilation rate generated by a SSD system, gfouped by study.

Table 3. Energy requirements, expense, and CO, emissions associated with heating the
additional ventilation air. ' :

Table 4. Energy requirements, expense, and CO, emissions associated with cooling the
additional ventilation air.

Table 5. Energy requirements, expense, and CO, emissions associated with running the
system fan.

Table 6. Regional per-house energy use, expense, and CO, emissions associated with
SSD system use.

Table 7. Total regional and national energy requirements, expense, and CO, emissions
associated with SSD system use.
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Figure 1. Schematic of an SSD system [38]. The system fan draws radon-bearing soil gas
from the pit and exhausts it to the outdoors. ' ~
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Census Region States EPA regions

Northeast Cennecticut, Maine, Massachusetts, New Hampshire, : 1,2
Vermont, Rhode Island, New Jersey, New York, Pennsylvania

Midwest Itlinois, Indiana, Michigan, Ohio, Wisconsin, Iowa, Kansas, 5,7
Minnesota, Missouri, Nebraska, North Dakota, South Dakota

South Delaware, the District of Columbia, Florida, Georgia, 3,4,6
Maryland, North Carolina, South Carolina, Virginia, West
Virginia, Alabama, Kentucky, Mississippi, Tennessee,
Arkansas, Louisiana, Oklahoma, Texas

West Arizona, Colorado, Idaho, Montana, Nevada, New Mexico, 8,9, 10
: Utah, Wyoming, Alaska, California, Hawaii, Oregon,
Washington - :

Table 1. Placement of the states into the four Census Regions [20] and [14].

Study Increase in
ventilation .
(m®s”)
Turk - Spokane -9.0E-03
1.3E-02
1.3E-02
-9.7E-03
1.7E-02
7.6E-03
4,2E-03

Turk - N.J. 1.3E-02
1.5E-02
1.9E-02
6.9E-02
1.0E-02

Clarken © 1.8E-03
2.0E-04
1.5E-05

Bohac 2.3E-04
3.9E-04
2.9E-03
5.8E-03
5.0E-03

Table 2. Additional house ventilation rate generated by a SSD system, grouped by study.
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Column: 2 3 4 5 6 7 8 8 10

fueltype  Reglon Fractional ~ Numberof Total Energy  Fuel cost’ Cost Emission  CO, production
use'  Heating Degree  Efficlency’ Gy s GJ") sy’ Factor®®”  (kgCO, y"
-) Days? (*C d) per houss) perhouse) (kgCOs GJ™')  per house)
f Nypo n E, and E, Cpa C.and C, €co, M, and M,
natural gas NE 0.46 2747 0.51 5.0 6.80 34 50.5 250
electricity NE 0.10 . 2885 0.75 3.6 26.10 93 157 560
fuel oll NE 0.39 2860 B X 5.2 7.30 38 69.4 360
wood NE 0.03 3728 0.30 1.5 6.70 7 0.0 0
g NE 0.01 3225 0.51 59 12.90 76 60.0 350
kerosene NE 0.02 3706 0.70 49 8.30 41 67.7 330
Total NE 5.1 43 320
naturalgas S 0.44 1407 - 0.51 26 5.50 14 50.5 130
electricity s 0.38 1003 0.75 1.2 18.30 23 178 220
fuel oll S 0.05 1750 0.51 - 82 6.70 21 69.4 220
wood S 0.04 1600 0.30 4.9 6.70 33 0.0 0
Ing S 0.07 1224 0.51 22 9.20 20 60.0 130
kerosene S 0.02 1369 0.70 1.8 7.70 14 67.7 120
Total S ’ 2.1 19 160
naturalgas MW 0.72 3175 0.51 5.8 56.80 33 50.5 290
electricity MW 0.11 3012 0.75 37 24.10 90 259 960
fuel oll Mw 0.05 3558 0.51 6.5 7.00 45 69.4 450
wood MW 0.04 3429 0.30 © 106 6.70 gl 0.0 0
g MW 0.07 3311 0.51 6.0 12.10 73 60.0 360
kerosene MW 0.00 0] 0.70 0.0 7.90 0 67.7 0
Total MW 5.8 : 45 370
natural gas w 0.64 1652 0.51 3.0 5.50 16 50.5 150
olectriclty = W 0.24 2085 0.75 2.6 18.30 47 141 360
fuel oll w 0.00 - 2601 0.51 47 6.50 - 31 69.4 330
wood w 0.06 2911 0.30 9.0 "~ 870 60 0.0 0
g w 0.02 2341 0.51 4.2 9.60 41 60.0 250
kerosene w 0.00 0 0.70 00 7.70 ] 67.7 0
Total w ' ‘ 3.2 26 190

' [20], Table 20, pg. 62.
2 [20], Table 55, pg. 185.
3 See equation 3 of text.
4 {30}, pg. 19-174.

8 (33), Table 11, pg. 15.
¢ (31], Table A4, pg. 21.
7 {32}, Tables 43 and 45.

Table 3. Energy requirements, expense, and CO, emissions associated with heating the
additional ventilation air.
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Column: 2 3 4 5 6 7 8 9
.Region  Fraction of Fraction Number of Efficlency Latent Energy Cost CO, production
single family of households Cooling Degree of air enthalpy (GJy"'  (Sy’! (kgCO,; y*'

homes with with air Days’® conditioner ratio  perhouse) perhouss) perhouse)
air conditioning (°cd and distribution )
conditioning’  that use it? system

fac S N oo n R E, C. M,
NE 0.56 0.36 421 1.78 013 0.05 1 7.7
S 0.87 0.77 11589 1.78 0.25 0.51 9 90
‘MW 0.73 0.42 481 1.78 0.15 0.09 2 23
w 0.40 0.50 767 1.78 0.01 0.08 1 11

' (20], Table 11, pg. 38 and Table 54, pg. 180.
2 [20], Table 54, pg. 180.
* [20}, Table 56, pg. 186.

Table 4. Energy requirements, expense, and CO, emissions associated with cooling the
additional ventilation air.

Column: .2 3 4
Region Energy Cost CO, production
GJy’ sy’ (kgCO» y”!
per house) perhouse)  per house)

Ef C! MI

NE 2.1 55 330
s 2.1 39 370

MW 2.1 51 540
w 2.1 38 300

Table 5. Energy requirements, expense, and CO, emissions associated with running the
system fan. '
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Region  Energy Cost CO, production
Gy @y’ (kgCO2 y"!

per house) per house)  per houss)

NE 7.2 99 660
S 4.7 67 620
MwW 79 97 930

W 5.3 66 500

Table 6. Regional per-house energy use, expense, and CO; emissions associated with

SSD system use.
Column: 2 3 4 -5 6 7
Region  # of houses’ % of houses #of houses Totalenergy Totalcost Total CO,
with indoor  with a basement that are MWy') ((M$y') (kgCOsy™')
concentrations or slab-on- subject to (Fan + (Fan + (Fan +
>4pcCil?! grade? SSV mitigation  Ventilation) Ventilation) Ventilation)
N H
NE 5.94E+05 54 3.19E+05 2.3E+03 32 2.1E+08
S 1.92E+06 ' 37 7.03E+05 3.3E+03 47 4.4E+08
Mw 2.46E+06 52 1.29E+06 1.0E+04 130 1.2E+09
w 7.46E+05 39 2.92E+05 1.6E+03 19 1.5E+08
U.S. 5.72E+06 2.60E+06 1.7E+04 230 2.0E+09

! [14), Table 8, pg. 705.
2 120} -

AY

Table 7. Total regional and national energy requirements, expense, and CO; emissions
associated with SSD system use. -
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