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1. Introduction 

A. General Context o f  Indoor A i r  Q u a l i t y  Problems 

The environmental concern f o r  a i r  p o l l u t i o n  has been la rge ly  

focussed on questions o f  outdoor a i r  contamination. Recently, how- 

ever, a t ten t i on  has begun t o  s h i f t  t o  concerns about the qua l i t y  o f  

a i r  w i t h i n  bui ldings. people spend only 

10-15% o f  t h e i r  t i m e  outdoors; the r e s t  i s  spent a t  home, a t  work, or 

t r ave l i ng  i n  between. Yet e x i s t i n g  a i r  q u a l i t y  regulat ions are based 

solely on outdoor condit ions, spec i f i ca l l y  on large-scale, h igh ly  

v is ib le ,  outdoor a i r - p o l l u t i o n  sources, such as i ndus t r i a l  e f f luen ts  

and vehic le exhaust. Bui ld ings were assumed t o  she l te r  occupants from 

outdoor po l lu tan ts ,  and l i t t l e  thought was given t o  po l l u tan ts  gene- 

ra ted  o r  trapped indoors. Recent studies have shown t h a t  concentra- 

t i ons  o f  c e r t a i n  po l l u tan ts  ins ide  houses exceed standards se t  f o r  

outdoor concentrations. Because heal th e f fec ts  are o f ten  cor re la ted  

w i th  exposure over t ime, i t  i s  now c lea r  t h a t  a i r  qua l i t y  indoors 

requires f a r  more a t ten t i on  than i t  has y e t  received. As an emerging 

heal th problem, contamination o f  indoor a i r  has been l i nked  w i t h  a 

wide var ie ty  o f  bu i l d ing  mater ia ls and consumer products, as wel l  as 

strategies tha t  reduce the amount o f  i n f i l t r a t i n g  a i r  as a means o f  

promoting energy conservation. 

I n  the United States today, 

1 



2 Indoor Air Quality Control Techniques 

Two main factors govern the concentration of any given pollutant 

indoors: the source strength of the pollutant and i t s  removal rate. 

Residential buildings have various sources of indoor a i r  pollution. 

People (and the i r  pets) generate carbon dioxide, moisture. odors, and 

microbes simply th rough  normal biological processes. Other more im-  

portant potential sources of indoor a i r  pollution are combustion 

appliances (gas stoves, forced-ai r furnaces, unvented space heaters, 

wood stoves) building materials (used in construction, furnishings, 

and insulation) tobacco, and the soil under  and around the structure. 

Air flow into and out of a building is  usually the principal 

means of removing these indoor contaminants. Reducing a i r  flow rates,  

however, i s  one of t h e  most cost-effective strategies fo r  improving 

the energy efficiency of buildings. Although effective i n  conserving 

energy. lowering the a i r  exchange rate in a structure generally slows 

the transport of indoor-generated a i r  pollutants t o  the outside, 

trapping the pollutants inside the structure. Many indoor a i r  quality 

problems surfaced when air  exchange rates were drastically reduced ( i n  

the interests o f  energy efficiency) and the pollution effects became 

obvious t o  b u i l d i n g  inhabitants. 
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6. Major Indoor Pollutants 

The p o l l u t a n t s  of most concern i n  r e s i d e n t i a l  bu i ld ings  a r e  

radon, formaldehyde, and c e r t a i n  combustion products  (n i t rogen  

dioxide, carbon monoxide, carbon dioxide, and respirable par t ic les ) .  

Even though t h e i r  hea l th  e f f e c t s  i n  many cases  a r e  Only now being 

systematically documented, these pollutants have been singled o u t  by 

the World Health Organization, National Academy of Sciences, and other 

research communi ties because they a re  suspected o f  being common i n  

homes and because h i g h  indoor concentrations have been measured. The 

reader should not i n fe r  any pr ior i ty  to  the order i n  which the pollu- 

tan ts  a re  described here, fo r  t o  attach p r i o r i t i e s  would require an 

understanding of r e l a t ive  health e f f ec t s  ( a n d  synergistic e f f ec t s )  

t ha t  does not ye t  exist. 

1. Radon and Radon Progeny --- 

Radon and i t s  immediate radioactive decay products are ubiquitous 

contaminants of indoor air .  The two radon isotopes of i n t e re s t  here 

a re  222Rn and  220Rn which have half l ives  of 3.6 days and 55 seconds, 

r e spec t ive ly .  These i so topes  a r i s e  a s  p a r t  of the 238U and 232Th 

decay se r i e s ,  respectively, which are naturally occurring elements 

found i n  the earth 's  crust. Decay products of Zz2Rn a re  more impor- 

t an t  than those of 2zoRn since diffusion times from the so i l  l i m i t  the 

concentration of 220Rn tha t  can accumulate i n  most si tuations.  The 



4 Indoor Air Quality Control Techniques 

average dose from “‘Rn progeny has been estimated t o  be  about  25 

percent  of t h a t  from “‘Rn progeny (UNSCEAR, In the remainder 

of this paper, d i scuss ions  of radon and radon progeny wi l l  r e f e r  t o  

“‘Rn and i ts  decay products. T h e  radon decay chain i s  i l l u s t r a t e d  i n  

Fig. 1.1. T h e  major h e a l t h  risks assoc ia ted  with radon, and d i s -  

cussed i n  t h e  next  s e c t i o n ,  r e s u l t  from the alpha decays of the two 

short-1 ived  progeny, ‘l8Po and 214Po. These progeny a r e .  phys ica l ly  

and Chemically a c t i v e  and can a t t a c h  to a i rborne  p a r t i c l e s .  Progeny 

t h a t  a r e  a t tached  o r  unat tached t o  p a r t i c u l a t e s  may be inhaled and 

r e t a i n e d  i n  the r e s p i r a t o r y  system. 

1982). 

Health Effec ts :  Much of our  knowledge about  the human hea l th  

e f f e c t s  of radon and i t s  progeny i s  based on experience w i t h  under- 

ground uranium miners. These miners a r e  general ly  exposed t o  radia-  

t i o n  a t  concent ra t ions  much higher  (100 t imes)  than would o r d i n a r i l y  

be experienced by occupants of  r e s i d e n t i a l  bui ldings.  T h e  main hea l th  

hazard from radon and i t s  progeny i s  an increased  risk of lung cancer  

because of the alpha r a d i a t i o n  dose t o  the lung tissue. Because the 

progeny have s h o r t  h a l f - l i v e s  (30 minutes o r  l e s s ) ,  their i n h a l a t i o n  

and depos i t ion  i n  t he  lungs can expose the surrounding tissue t o  alpha 

rad ia t ion  before  the body’s lung-clearance mechanisms can remove them. 

Miners. exposed d a i l y  f o r  many hours, do, i n  f a c t ,  develop lung cancer  

a t  a nuch h i g h e r  r a t e  than t h e  general population. Individual  hea l th  

risk from radon proger!y i n  r e s i d e n t i a l  bui ldings depends on the 

person’s  time-i n tegra ted  exposure t o  radon progeny. 

-- 
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Figure 1 . 1  Radon decay chain. 
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Radon progeny concentrat ions are expressed i n  terms o f  t o t a l  

alpha energy emitted by the  decay of the shor t - l i ved  progeny. This 

po ten t ia l  alpha energy concentrat ion (PAEC) i s  expressed i n  u n i t s  o f  

working leve ls  (WL). (One working leve l  has a value o f  1.3 x lo5 

MeV/l, the po ten t ia l  alpha energy per u n i t  volume t h a t  would be asso- 

c ia ted  w i th  a i r  containing approximately 100 pCi/ l  o f  each o f  the 

short-1 i ved  progeny.) Radon progeny i n  U.S. homes concentrations vary 

from 0.001 t o  0.1 WL o r  more. 

Because the i nc i  dence o f  rad i  a t i  on-i nduced cancer i s re la ted  t o  

c u m l a t i v e  exposure, the  r i s k  f a c t o r  must be evaluated i n  terms o f  

durat ion o f  exposure. Again, based on the exposure o f  uranium miners, 

t o t a l  exposure i s  expressed i n  terms o f  the working l eve l  month (WLM), 

where exposure t o  1 WL f o r  173 hours ( t h e  number o f  hours i n  one work 

month) y i e l d s  1 WLM. The annual exposure associated w i t h  a constant 

radon concentrat ion o f  1 p C i / l  i s  approximately 0.25 WLM. (This 

r e s u l t  i s  based on using an equ i l ib r ium f a c t o r  o f  U.5, defined t o  be 

the r a t i o  o f  the actual PAEC t o  the PAEC i f  each progeny was t o  have 

the same a c t i v i t y  concentrat ion as t h a t  o f  radon. Ven t i l a t i on  and 

plate-out of progeny t o  wa l ls  and other surfaces reduce the e q u i l i -  

brium fac to r  t o  a value l ess  than one.] 

The cumulative exposures ( i n  WLM) a t  which human and aninial 

cancers are observed are general ly higher by an order o f  magnitude o r  

more than those cha rac te r i s t i c  o f  the general indoor environment. 
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Thus,  in order t o  predict the health effects of decreased indoor 

venti 1 a ti on and a correspondi ng i ncrease i n  exposure t o  radon progeny, 

i t  i s  usually necessary t o  extrapolate beyond the range of exposures 

for which effects are known. In a small number of cases, however, 

radon concentrations indoors have been observed t o  be so h i g h  that  

individual exposure i s  comparable t o  the maximum exposure allowed f o r  

a miner. 

Sources: Radon can enter a building in the following ways (F ig .  

1.21: by transport from soil  around the foundation through cracks and 

openings in the structure, t h r o u g h  emanation from earth-derived 

building materials such as concrete, and via spring or well water. 

The presence and concentration of radon in a residence depends on 

several factors: the geographical location of the building, the 

materials used in  construction, i t s  foundation type, the presence of 

pathways for soil gas t o  enter the building, the water supply source, 

and the ventilation rate of the structure. I n  those cases where there 

was reason t o  be concerned about radon levels, studies indicate t h a t  

the soil under a house i s  most frequently the principal contributor t o  

i ndoor radon concentration (Nero and Natarof f ,  1983). Measurements 

taken i n  living spaces of homes th roughou t  the United States show that  

concentrations o f  radon vary over nearly three orders of magnitude 

(0.1-50 p C i / l )  w i t h  an average concentration of approximately 1 pCi/l. 

I n  cases where the b u i l d i n g  materials and/or soil surrounding the 



8 Indoor Air Quality Control Techniques 

Figure  1 . 2  Pathways fo r  radon e n t r y  i n  b u i l d i n g s .  
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bu i l d ing  contain high-radium i n d u s t r i a l  or mining products (e.g., 

uranium m i l l  t a i l i n g s ) ,  even higher indoor concentrations o f  radon are 

occasional ly found. 

Other fac to rs  which can inf luence the concentrat ion o f  radon and 

i t s  progeny i n  residences are the  type o f  basement or foundation and 

whether groundwater i s  used f o r  the domestic water supply ( i n  which 

case radon concentrat ion i n  the water may be r e l a t i v e l y  high and radon 

i n  the water may be released i ndoors 1. Houses having vented crawl 

spaces may have lower concentrations than those w i t h  unvented crawl 

spaces, basements, o r  b u i l t  as slab-on-grade. Substantial evidence 

suggests tha t  the mechanisms d r i v i n g  a i r  i n f i l t r a t i o n  also dr ive  radon 

entry. This coupling bebeen a i r  i n f i l t r a t i o n  ra te  and radon entry 

ra te  w i l l  reduce the degree t o  which indoor radon concentrations vary 

w i t h  the a i r  exchange rate.  

2. Formaldehyde 

Formaldehyde (HCHO), the  simplest o f  the group o f  compounds 

c l a s s i f i e d  as aldehydes, i s  a pungent, color less gas the odor o f  which 

can be detected a t  concentrations as l o w  as 0.05 ppm, although the 

odor threshold i s  usua l ly  around 1 p b .  Pr imar i l y  an indoor-generated 

po l lu tan t ,  i t s  sources are bu i l d ing  and insu la t i ng  materials, f u rn i -  

ture, and numerous consumer products. Formaldehyde i s  used i n  a wide 

var ie ty  o f  bu i l d ing  materials, mainly i n  the urea, phenolic, mla- 
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mine, and acetal res ins  present i n  i nsu la t i on  materials, pa r t i c l e -  

board, medium-densi ty fiberboard, plywood, tex t i l es ,  adhesives, and so 

for th.  Although b u i l d i n g  mater ia ls such as par t i c leboard  can emit  

formaldehyde continuously f o r  a per iod  of years, i t s  emission r a t e  i s  

known t o  decrease w i t h  t ime.  The h a l f - l i f e  o f  the formaldehyde eniis- 

s ion f r a n  various mater ia ls is,  however, no t  wel l  known. 

-- Health Ef fec ts :  Relat ing spec i f i c  hea l th  e f fec ts  t o  spec i f i c  

concentrations o f  formaldehyde i s  d i f f i c u l t  because people vary widely 

i n  t h e i r  tolerances and subject ive reactions. Furthermore, i r r i t a t i o n  

and/or sens i t i za t i on  to lerance may develop a f t e r  several hours o f  

exposure and modify an i n d i v i d u a l ' s  response. As w i t h  other toxins, 

the durat ion o f  the exposure i s  an inpor tan t  f ac to r  i n  the  sever i ty  o f  

any associated hea l th  ef fects.  Heal th e f fec ts  from acute formaldehyde 

exposure and long-term continuous exposure can be q u i t e  d i f f e ren t ,  and 

knowledge o f  one cannot be used t o  p r e d i c t  the other. 

Exposure t o  formaldehyde a t  concentrat ions o f  0.05 - 0.5 ppm can 

cause burning o f  the eyes and i r r i t a t i o n  o f  the upper resp i ra to ry  

passages, dependi ng on i ndi v i  dual s e n s i t i v i t y  and envi ronmental 

condi t ions such as temperature and humidity. High concentrations 

( > f e w  ppm) o f ten  produce coughing, cons t r i c t i on  i n  the chest, and 

wheezing. Studies i n  r a t s  and mice have shown t h a t  concentrat ions o f  

formaldehyde o f  a feu ppm f o r  several months induce nasopharyngeal 

carcinoma. The most s t r i ngen t  guideltnes o r  proposed standards f o r  
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indoor formaldehyde concentrations are generally around 0.1 ppm. 

Sources: Major sources of formaldehyde are urea-formaldehyde 

foam insulation (UFFI 1, particleboard, medium-density fiberboard, 

plywood and, t o  a lesser extent, combustion processes. Urea-formalde- 

hyde (UFI foam insulation has been used extensively i n  the past, 

here and in Europe, a s  thermal insulation i n  the walls of ex 

residential buildings. 

merized UF resin. a foaming agent (containing an acid catalyst)  

a i r  t o  create a foam that  i s  injected into wall cavities. Some 

Instal l a t i  on involves mi Xing partially 

both 

sting 

Poly- 

and 

resi- 

dual formaldehyde in the foam may enter the interior of the building 

and, under some ci rcumstances, considerable amounts of formaldehyde 

can be released. 

The superior bonding properties and low cost of formaldehyde 

resins have made t h e m  commercially attractive for  use in such building 

materials as plywood and particleboard. I n  fact ,  urea-formaldehyde 

resin i s  the most common adhesive used in interior-grade plywood and 

particleboard. Interior-grade plywood, f o r  example, i s  composed o f  

several t h i n  sheets of wood glued together w i t h  UF resin and the 

primary components of particleboard are small wood shavings glued 

together w i t h  UF resin. I n  buildings i n  which these wood products are 

used f o r  subfloors, cabinets, p a r t i t i o n  walls, paneling, or furniture, 

formaldehyde can reach concentrations sufficient t o  cause i r r i ta t ion  

of the eyes and upper respiratory t rac t  and possible chronic health 
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ef fects.  

Formaldehyde i s  a lso  produced during simple combustion processes 

associated w i t h  gas cooking and heat ing and smoking. Studies 

conducted i n  special environmental chambers have ind ica ted  t h a t  a 

poorly adjusted combustion appliance can cont r ibu te  s i g n i f i c a n t  quan- 

t i t i e s  o f  formaldehyde t o  the  indoor environment (Girman e t  al., 

1982 1. 

3 .  Combustion Products 

A wide range o f  combustion products can be emitted by indoor 

combustion appliances and c i g a r e t t e  smoke: carbon monoxide (CO) ,  car- 

bon dioxide (C02), water vapor (HzO), n i t r i c  oxide (NO) ,  n i t rogen 

dioxide ( N O z ) ,  s u l f u r  d ioxide (SO2) and formaldehyde (HCHO), as we l l  

as respirable par t i c les .  Common appliances found i n  res iden t ia l  

bu i ld ings  are gas-f i red stoves, ndoor gas-f i red water heaters, 

unvented gas-f i r e d  space heaters, gas-f i  red furnaces, and portable 

kerosene-f ired space heaters. Wood-burning stoves and f i rep laces  and 

coal-  o r  wood-burni ng furnaces can a lso  cont r ibu te  hydrocarbons and 

polycyc1i.c organic matter (POM) i n  add i t ion  t o  the aforementioned 

pol lutants.  The combustion byproducts emitted by an automobile 

allowed t o  i d l e  i n  an attached garage can gain entry t o  the l i v i n g  

space o f  the house. 
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Health e f fec ts :  Carbon monoxide enters the body through the 

resp i ra to ry  system and reacts p r imar i l y  w i th  the hemoglobin of the 

blood. Because the a f f i n i t y  o f  hemoglobin f o r  CO i s  more than 200 

times t h a t  o f  oxygen, the  absorption o f  CO reduces the oxygen-carrying 

capacity o f  blood. Experimental exposure o f  nonsmokers t o  50 ppm f o r  

90 minutes revealed t h a t  t h e i r  d isc r im ina t ion  o f  time in te rva l s  was 

impaired (NRC. 1977). This exposure i s  l i k e l y  t o  produce a 

carboxyhemoglobin (COHb) l eve l  i n  the blood o f  about 2.5%, 

corresponding t o  t h a t  associated w i t h  continuous exposure t o  10-15 ppm 

f o r  e i g h t  or more hours. Current nat ional  ambient a i r  qua l i t y  stan- 

dards f o r  carbon monoxide are 9 ppm f o r  an e igh t -hwr  average exposure 

and 35 ppm f o r  a one-hour average exposure. 

-- - 

The present Occupational Safety and Health Administrat ion 1 i m i  t 

f o r  carbon dioxide exposure i n  the  workplace i s  5000 ppm, f o r  a time- 

weighted eight-hour da i l y  average. Much of the research on physiolo- 

g ica l  e f f e c t s  of C02 exposure has been done t o  es tab l i sh  safe l i m i t s  

f o r  submarine crews and astronauts. The National Aeronautics and 

Space Administrat ion l i m i t  f o r  a six-month exposure i n  spacecraft i s  

10.000 ppm. The Bioastronaut ics Data Book states t h a t  " f o r  prolonged 

exposures o f  40 days, concentrat ians of C02 i n  a i r  less  than 5000 ppm 

cause no known biochemical or other e f fec t .  Concentrations between 

5,000 and 30,OUO ppm cause adaptive biochemical changes which may be 

considered a m i l d  physiological  s t ra in ;  and concentrations above 

3U,UOO ppm cause pathological  changes i n  basic physiological  
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functions" (NASA, 1973). 

Nitric oxide ( N O )  and nitrogen dioxide (NO2) are both formed a s  

products of combustion. Of the two, nitrogen dioxide i s  the more 

reactive, and poses the greater health hazard. Exposure t o  concentra- 

t i ons  of 5 ppm can cause respiratory distress; concentrations of about  

-- 

50 ppm can cause 

can cause death. 

the range of 0 

distress in i n d i v  

chronic lung disease; exposure greater t h a n  150 ppm 

In control led 1 aboratory studies, concentrations i n 

10 t o  0.50 ppm were associated with respiratory 

duals having chronic respiratory ailments. The  EPA 

National Anbient Air Quality Standard (NWS) f o r  outdoor exposure t o  

NO2 i s  0.05 ppm. 

Epidemiological studies in large groups of persons exposed t o  

long-term, low-level concentrations of nitrogen dioxide in their  homes 

are inconclusive. Two studies, both of primary school children i n  

England ,  suggest a relationship between respiratory i l lness and the 

NO2 exposure from gas-stove cooking (Florey e t  a l . ,  1979; Melia e t  

a l . ,  1979). On the other hand, according t o  similar studies by Keller 

e t  a l . ,  (1979. 1979b) neither an increase i n  respiratory disease nor a 

decrease in pulnunary function was associated w i t h  t h e  use of gas 

stoves. Another ongoing study seems to  indicate that children raised 

i n  homes w i t h  gas stoves have a greater history of respiratory i l lness 

before age 2 t h a n  do children raised i n  homes w i t h  e lectr ic  stoves 

(Speizer e t  a1 . , 1980). 
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Individuals inhale a wide variety of particulate matter i n t o  

the i r  respiratory systems. Where particles are deposited and how long 

they are retained depends on their  size,  chemical composition, and 

density. Particles larger than 15 microns in diameter are f i l tered 

o u t  by the nose and dislodged within several days. Smaller particles 

se t t le  on the tissues of the upper respiratory tract ,  the smallest 

particles 2.5 microns) penetrate to  the alveoli, the small a i r  sacs 

in the lungs .  Particles deposited in the lungs can remain there for 

months, and can cause adverse health effects for long periods o f  time. 

Particulate matter may exert a toxic effect  because: (1) i t  i s  

intrinsically toxic due t o  i t s  chemical or  physical characteristics 

(e.g., lead and asbestos) o r  ( 2 )  i t  acts as a carrier of an adsorbed 

toxic substance (e.g., radon progeny can be attached t o  particles).  

Carbon particles such as those emitted i n  combustion processes are 

eff ic ient  adsorbers of many organic and inorganic compounds and can 

carry toxic gases such as SO into the lungs. T h i s  can have a poten- 

t i a t i n g  effect  on the human body; particles t h a t  contain an 

attached toxic substance can increase a person's physiological 

response t o  t h a t  substance t o  a level above w h a t  i t  would be other- 

wise. 

2 
t h a t  i s ,  

Sources: There have been many f ie ld  studies monitoring the 

concentrations of various pollutants i n  residential buildings h a v i n g  

gas stoves. I n  almost a l l  cases, indoor levels of CO,  NO2, and NO 
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have exceeded outdoor levels. I n  a number o f  cases, indoor leve ls  

comparable t o  e x i s t i n g  outdoor a i r  qua l i t y  standards fo r  NO2 and CO 

have been reported. 

Several studies have been performed t o  assess the l eve l  o f  a i r  

contamination r e s u l t i n g  from operat ion o f  unvented gas-f i red and kero- 

sene-f i red space heaters. Experiments on a portable, convective-type 

kerosene space heater operated f o r  one hour i n  a 27-m chamber showed 

t h a t  a t  a v e n t i l a t i o n  r a t e  o f  0.4 ach, CO and p a r t i c l e  concentrat ions 

were l o w  b u t  C02 and NO, concentrat ions were high (Traynor e t  al. ,  

1 9 8 3 ~ ) .  A f te r  1 hour of operation, C02 concentrat ions reached 10,000 

ppm, twice the eight-hour occupational standard establ ished by the 

U.S. Occupational Safety and Health Administrat ion (OSHA), and the NO2 

concentrat ion was greater than 1,5 ppm over background, o r  s i x  times 

the C a l i f o r n i a  peak one-hour outdoor standard. 

3 

Wood-burning stoves, wood-burni ng furnaces, and f i rep laces  repre- 

sent a s i g n i f i c a n t  indoor source o f  CO, NOx (i.e., NO2 p lus NO) ,  

hydrocarbons, and resp i rab le  par t i c les ,  inc lud ing  the  carcinogenic 

po lycyc l i c  organic matter ( P O M )  compounds. Laboratory and f i e l d  

measurements show t h a t  p o l l u t a n t  m i s s i o n  rates from wood combustion 

can vary over a wide range. For example, CO emissions can vary f r o m  4 

t o  400 grams per k i logram (g/kg) o f  wood burned; pa r t i cu la te  emissions 

f r o m  0.5 t o  63.5 g/kg; NOx 

f r o m  0.2 t o  7.3  g/kg; and POM from 0.004 t o  0.37 g/kg (Hubble e t  al., 

t o t a l  hydrocarbons from 0.2 t o  48.5 g/kg; 
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One o f  every three persons between the ages o f  17 and 64 smokes 

c igare t tes  regular ly.  Surveys i n  e i g h t  c i t i e s  show t h a t  from 54 t o  

76% o f  homes have one o r  more smokers (Fe r r i s  e t  al., 1979; Lebowitz 

and Burrows, 1976). I n  addi t ion,  smokers and nonsmokers are o f ten  

exposed t o  smoke a t  t h e i r  workplaces and during Social a c t i v i t i e s .  

Exposure t o  other peoples' tobacco smoke i s  now re fe r red  t o  as passive 

smoking. Closely connected t o  "act ive" and "passive" smoking are the 

terms "mainstream" and "sidestream" smoke. Mainstream smoke i s  the 

smoke drawn through the tobacco during inhalat ion,  resu l t i ng  i n  higher 

temperatures, more complete combustion, and a greater degree of 

absorption by the  tobacco and, i f  present, the f i l t e r .  Mainstream 

smoke accounts f o r  approximately 4% o f  the t o t a l  smoke produced. 

Sidestream, defined as smoke a r i s i n g  from the smoldering tobacco, 

accounts fo r  the major i t y  (96%) o f  gases and p a r t i c l e s  produced. The 

composition o f  mainstream smoke exhaled by a smoker var ies consider- 

ably depending on smoking behavior, burning temperature, and type of 

f i l t e r .  Because o f  the length  o f  the burn and the burn temperature, 

sidestream smoke i s  a more important source o f  loca l  a i r  contamination 

f o r  many substances such as CO, n icot ine,  a m n i a ,  and aldehydes, than 

mainstream smoke 

nearly as la rge  a 

A number o f  

The passive smoker, o f  course, does not receive 

dose of smoke as does the smoker. 

ndoor a i r  po l l u tan ts  a r i se  from tobacco smoke; some 
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o f  the more inpor tan t  ones are par t i c les ,  CO, benzo-a-pyrene, nico- 

t ine ,  nitrosamines, acrolein, and other aldehydes. Spengler and 

coworkers measured leve ls  o f  resp i rab le  suspended p a r t i c l e s  (RSP) i n  

80 homes, w i th  and w i thout  smokers, across s i x  c i t i e s  (Spengler e t  

al., 1981). RSP l eve l s  were essent ia l l y  the same P 2 3  pg/m 1 indoors 

and outdoors i n  the homes w i thout  smokers. The mean RSP concentra- 

t i ons  indoors f o r  homes w i t h  one and two smokers were 43 t o  75 pg/m , 
respect ively;  however, 24-hr average indoor RSP concentrations f re -  

quently exceeded 200 pg/m i n  homes w i t h  c iga re t te  smokers. These 

data, co l lec ted  over a three-year period, i l l u s t r a t e  the s i g n i f i c a n t  

con t r ibu t ion  o f  c i g a r e t t e  smoke t o  indoor pa r t i cu la te  concentrations. 

3 

3 

3 

Vented combustion appliances can be a s i g n i f i c a n t  indoor source 

o f  combustion products i f  there i s  leakage o f  these products i n t o  the  

indoor a i r .  The f a c t  t h a t  woodstoves and f i rep laces  can be s i g n i f i -  

cant p o l l u t a n t  sources was mentioned above. Leakage can a lso  occur 

from o ther  appliances i f  the vent system performs improperly o r  i f  

there i s  a crack i n  the  heat exchanger o f  a furnace. 

C. Role o f  Control Techniques i n  So lu t ion  o f  Indoor A i r  Q u a l i t y  Problems 

Many techniques e x i s t  t o  con t ro l  the concentrations o f  the po l l u -  

tan ts  introduced above and other indoor po l l u tan ts  t h a t  are only nw 

being recognized as s ign i f i can t .  The purpose o f  t h i s  repor t  i s  t o  
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provide a current review and evaluat ion of ex i s t ing  control  

techniques. t h i s  a c t i v i t y  must be placed i n  the context  of 

the wider research framework i n  which the study of indoor a i r  qua l i ty  

is found. 

However, 

Effec t ive  and efficient control  of indoor pol lu tan t  concentra- 

t i ons  depends upon an understanding of the chemical and physical 

p roper t ies  of the sources of the individual  po l lu tan ts  being con- 

sidered. Fa i lu re  t o  understand these fac to r s  may lead  t o  the use of a 

control technique t h a t  exacerbates r a the r  than reduces an indoor a i r  

qua l i ty  problem o r  t h a t  does not solve t h e  problem i n  an efficient 

manner. Coupled w i t h  the need t o  improve our understanding of sour- 

ces  i s  t h e  continuing need t o  understand the heal th  effects of indoor 

pol lu tan ts .  A control  s t r a t egy  t h a t  holds the concentration of a 

po l lu tan t  below 1 ppm may be adequate f o r  one pol lu tan t  b u t  t o t a l l y  

inadequate f o r  another. T h u s  the development and evaluat ion of indoor 

a i r  qua l i ty  control  techniques must be performed i n  pa ra l l e l  w i t h  

research on po l lu t an t  source charac te r iza t ion  and heal th  effects. 



2. Ventilation 

A. Background 

Vent i la t ion ,  the exchange of indoor a i r  f o r  outdoor a i r ,  i s  a 

widely used technique t o  help maintain acceptable  indoor a i r  q u a l i t y .  

The  connect ions between v e n t i l a t i o n  r a t e  and human comfort and h e a l t h  

were discussed i n  w r i t i n g  a s  e a r l y  a s  the middle of the 1 8 t h  century 

( B i l l i n g t o n ,  19821, and were probably recognized long before  t h a t  

time. The  h i s t o r i c a l  and p r e s e n t  popular i ty  of  v e n t i l a t i o n  may be due 

t o  a number of f a c t o r s .  While the e f f e c t i v e n e s s  of many I A Q  cont ro l  

techniques is l i m i t e d  t o  one o r  a few p o l l u t a n t s ,  v e n t i l a t i o n  i s  

effective i n  reducing t h e  indoor concent ra t ions  of a l l  p o l l u t a n t s ,  

whenever the outdoor concent ra t ion  i s lower than the indoor concentra- 

t ion .  I n  addi t ion ,  v e n t i l a t i o n  i s  o f t e n  the s imples t  o r  only 

technique t h a t  i s  readi ly  a v a i l a b l e .  A major drawback of v e n t i l a t i o n ,  

however, i s  the energy requi red  t o  h e a t  o r  cool the v e n t i l a t i o n  a i r  

and t h i s  f a c t o r  i s  becoming increas ingly  important a s  energy p r i c e s  

rise. 

I n  t h e  p a s t ,  residences have been ventilated primari ly  by i n f i l -  

t r a t i o n ,  the uncontrol led leakage of a i r  through cracks i n  the 

bui ld ing  envelope, and by t h e  na tura l  flow of a i r  through open windows 

and doors. Mechanical ( i .e. ,  fan-forced)  v e n t i l a t i o n  has o f t e n  been 

used i n  l a r g e r  bu i ld ings ,  sometimes i n  addi t ion  t o  natural  v e n t i l a -  

20 
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t ion.  

i n  r e s i d e n t i a l  bu i l d ings .  

A recent  t r e n d  i s  t o  use mechanical v e n t i l a t i o n  more f r e q u e n t l y  

Before d i scuss ing  va r ious  methods o f  v e n t i l a t i o n  i n  d e t a i l  and 

r e v i e w i n g  a v a i l a b l e  performance data, several mass balance models are 

presented and used t o  i l l u s t r a t e  the  r e l a t i o n s h i p s  between v e n t i l a t i o n  

r a t e  and indoor  p o l l u t a n t  concentrat ions.  

B .  Mass Balance Models 

1. Background 

t i s  genera l l y  n o t  p o s s i b l e  t o  es t ima te  the  impact  o f  changes i n  

v e n t i  a t i o n  r a t e  on i ndoor  concentrat ions w i t h o u t  cons ide ra t i on  o f  

o the r  f a c t o r s  t h a t  a l s o  a f f e c t  t he  i ndoor  concentrat ion. One method 

of  e s t i m a t i n g  the  impact  o f  v e n t i l a t i o n  i s  t o  use mathematical equa- 

t i o n s  t h a t  are de r i ved  f rom mass balances f o r  t he  p o l l u t a n t s  i n  the  

indoor  a i r .  Each equat ion presented below i s  based on assumptions o f  

a p e r f e c t l y  mixed indoor  space and s teady-state condi t ions,  a1 though 

more complex equations t h a t  descr ibe i ndoor  concentrat ions du r ing  

t r a n s i e n t  p e r i o d s  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  A l t h o u g h  t h e  

equations are presented i n  the con tex t  o f  a d iscuss ion o f  v e n t i l a t i o n ,  

t h e y  a r e  a l s o  u s e f u l  f o r  e s t i m a t i n g  t h e  i m p a c t  o f  changes i n  many 

o t h e r  v a r i a b l e s  on indoor  concentrat ion.  
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2.  Models - 

The most simple relationship between indoor pollutant concentra- 

t i o n  and an exchange rate i s  expressed by the equation 

Ci  = S/a (2.1) 

where: C i  = indoor pollutant concentration 

S = pollutant source strength per unit  volume of in- 

door a i r  ( i .e. ,  the rate a t  which pollutants are 

emitted o r  transported into the indoor a i r  divided 

by the volume of indoor a i r ) ,  and 

a = a i r  exchange rate ( i .e . ,  flow rate  of ventilation 

a i r  divided by volume of indoor a i r ) .  

This equation i s  valid only when the outdoor pollutant concentration 

i s  negligible, the pollutant source strength i s  unaffected by the 

ventilation rate,  and there are no pollutant removal mechanisms other 

than ventilation. 

I n  most cases, the assumptions made f o r  derivation of Equation 

2.1 are not valid. To account f o r  the outdoor pollutant concentration 

and additional pollutant removal processes, we can use the following 

equation which i s  similar t o  that  used ear l ie r  by Alzona e t  a l .  
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(19791, Dockery and Spengler (19811, and Traynor e t  a l .  (1982, 1983) 

C i  - ( S  + a PCo) / ( a  + k + A +  R )  (2 .2)  

where: P 

cO 

k 

A 

R 

= fraction o f  outdoor pollutant t ha t  penetrates the 

building envelope or ventilation system, 

= concentration of pollutant i n  the outdoor a i r ,  

= the net pollutant removal r a t e  (per u n i t  volume of 

indoor a i r )  by plate-out on or reaction w i t h  i n -  

door surfaces or by reaction w i t h i n  the indoor a i r  

expressed a s  a f i r s t  order decay constant. 

= the r a t e  of pollutant removal by radioactive de- 

cay, and 

= the r a t e  of pollutant removal by operation of an 

a i r  cleaner. 

T h e  actual relationship beaeen ventilation r a t e  and indoor a i r  

concentration i s  often more complicated than indicated by Equation 

2.2.  F o r  example, the  pol lu tan t  source strength may be a function of 

ventilation r a t e ,  indoor pollutant concentration, indoor temperature 

and humid i  t y ,  occupants' a c t i v i t i e s ,  time, and other factors. I n  

addition, most indoor spaces a re  not perfectly mixed as assumed fo r  

derivation of the equation and imperfect m i x i n g  can greatly a f f ec t  t h e  
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relationship between ventilation rate  and indoor concentration as 

discussed la ter .  

To u t i l i ze  Equation 2.2,  values for the various i n p u t  parameters 

are required and only limited data are available. Here we present 

only values f o r  t h e  reaction constant k and penetration factor P .  Fo r  

gases t h a t  are nearly non-reactive i n  indoor environments, the reac- 

t i o n  constant and penetration facfor are essentially zero and unity, 

respectively. Measured values of these constants for  nitrogen 

dioxide, formaldehyde, and particulates are l is ted in Table 2.1. 

Pollutant removal by reaction and plate-out i s  poorly understood. The 

measured reaction constants (Table 2.1) have been used t o  account f o r  

pollutant removal t h a t  i s  largely unexplained. I t  i s  likely that  

these removal mechanisms are a function of the nature and quantity of 

indoor surfaces and the amount of indoor a i r  movement. For the case 

o f  removal by chemical reactions, the removal rate may be a function 

of the indoor pollutant concentration. I n  addition, available data 

f o r  the reaction constants are generally from transient experiments 

which do no t  permit the process of physical adsorpt ion o f  pollutants 

followed by l a te r  desorption t o  be distinguished from permanent 

removal processes. Thus, t h e  average and range o f  pollutant removal 

by reaction and p l a t e -ou t  i s  largely unknown. However. the reported 

removal rates significantly affect  the relationship between ventila- 

t i o n  rate and  indoor p o l l u t a n t  concentration as shown later .  
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For several reasons, the impact o f  v e n t i l a t i o n  ra te  on radon 

progeny concentrations must be modeled by a more complex equation. 

The source o f  radon progeny i s  the rad ioac t ive  decay o f  radon. Be- 

cause a change i n  the v e n t i l a t i o n  r a t e  w i l l  change the indoor radon 

concentration, i t  c l e a r l y  has an e f f e c t  on the source strength f o r  

radon progenies. ( I n  some instances, the source strength fo r  radon 

i t s e l f  may be af fected by the  v e n t i l a t i o n  ra te  as discussed la te r ,  

however, f o r  the  equation presented below, a radon source strength 

t h a t  i s  independent o f  v e n t i l a t i o n  r a t e  has been assumed.) Another 

fac to r  t h a t  must be accounted f o r  i s  the removal o f  radon progeny by 

rad ioac t ive  decay. I n  addi t ion,  most researchers use the po ten t i a l  

alpha energy concentrat ion (PAEC) t o  express the t o t a l  concentrat ion 

o f  radon's shor t - l i ved  progeny i n  u n i t s  o f  working leve ls  (WL), thus, 

each decay product i s  no t  t rea ted  independently. Actual ly,  the PAEC 

i s  not a d i r e c t  measure o f  concentrat ion bu t  instead indicates the 

po ten t ia l  alpha energy emission from a l l  radon progeny present i n  the 

a i r .  An equation t h a t  re la tes  PAEC t o  v e n t i l a t i o n  ra te  and other 

factors i s  

PAEC = s x A  / [ ( x R  + a ) ( xA  + a + k A ) ]  x 

[0.00103 + ( x B / ( x B  + a + kB)1(0.00507 + 0.00373(~c/(xc + a + k c ) ) ) ]  

( 2 . 3 1  
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where: S = radon source strength (pCi/-h), 

radioactive decay constant for radon = 0.00758 h - l ,  

radioactive decay constants f o r  progeny A ,  B ,  and C ,  

i.e., respectively, x = 13.7 h'l, xB = 1.55 h ' l ,  A 

the a i r  exchange rate  (h- ' ) ,  and 

the f i r s t  order reaction constants (usually called 

plate-out o r  deposition constants) f o r  progeny A ,  

8 ,  and C ,  respectively ( h -  ).  

1 xc = 2.11 h- , 

1 

This equation follows f r m  work by several researchers (see, for 

example, Rudnick e t  a l . ,  1983). A major difficulty in using the 

equation i s  t o  determine appropriate values for the plate-out con- 

stants. The rate of radon progeny removal by plate-out has been inves- 

tigated or reported by a number of researchers ( for  example: Bruno, 

1983; George e t  a l . ,  1983; Knutson e t  al . ,  1983; Rudnick e t  a l . ,  1983; 

Scott, 1983; Swedjemark, 1983; and Offermann e t  al . ,  1984). The rates 

of plate-out depend highly on the fraction of progeny that  are 

attached t o  particulates which, i s  a function of the indoor 

particle concentration. Offermann e t  a l . ,  (1984) give values of kA = 

7.8 h-', kB  = 1.8 h - l ,  and kC = 0.5 h - l  for a l w  indoor particle 

concentration of 3000 particles/cc and values of kA = 1.4 h - l ,  kg = 

U.4 h-', and  kC = 0 f o r  a high indoor particle concentration of 30,000 

Darticles/cc. An important factor not accounted f o r  in Equation 2.3 

i s  that t h e  indoor particle concentration and thus the plate-out 

in t u r n ,  



28 Indoor Air Quality Control Techniques 

constants f o r  radon progeny w i l l  general ly be a funct ion o f  the vent i -  

l a t i o n  rate;  t h i s  i s  taken i n t o  account i n  a more complete model t h a t  

i s  presented by Offennann e t  a l .  (1984). 

The re la t ionsh ip  between v e n t i l a t i o n  r a t e  and indoor formaldehyde 

concentrat ion can a l so  be complex f o r  the fo l low ing  reasons: 

1. 

2 .  

3 .  

4 .  

5. 

Mul t i p le  sources o f  formaldehyde may be present. 

Some sources o f  formaldehyde may be separated from the  

indoor a i r  by a permeation b a r r i e r  (e.g., a carpet). 

The emission r a t e  o f  formaldehyde from many sources var ies 

w i t h  indoor formaldehyde concentrat ion and the  re la t ionsh ip  

bebeen emission r a t e  and indoor concentrat ion varies 

between sources. 

The emission r a t e  o f  formaldehyde depends on the temperature 

o f  the source and the  humidity o f  the surrounding a i r .  

I t  i s  possible formaldehyde i s  removed by reac t ion  w i t h  

indoor surfaces, although there i s  i n s u f f i c i e n t  informat ion 

t o  determine i f  reac t ion  ac tua l l y  occurs. 

The fo l low ing  equation from work by Matthews e t  a l .  (1983) 

accounts f o r  mu l t i p le  formaldehyde sources: 

Ci C, + (l/aV)(z SiAi - j 1 k . A . )  J J  
i 

(2 .4 )  
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where: Si = t h e  source s t r e n g t h  pe r  u n i t  area o f  source 

m a t e r i a l  i, 

Ai = t h e  area o f  source m a t e r i a l  i, 

k .  = t h e  r e a c t i o n  constant  f o r  formaldehyde w i t h  sur- 
J 

face j , p e r  u n i  t area 

V = t h e  volume o f  i ndoor  a i r ,  and 

A = t h e  area o f  su r face  j 
j 

The magnitude o f  many o f  t h e  formaldehyde sources w i l l  depend on t h e  

surrounding formaldehyde concen t ra t i on  (i .e. * t h e  source s t reng th  w i l l  

i nc rease  when t h e  surroundi ng concen t ra t i on  i s  decreased). Fo r  

sources t h a t  are n o t  separated from t h e  indoor  a i r  by a permeation 

b a r r i e r ,  t h e  f o l l o w i n g  l i n e a r  equat ion i s  g iven (Matthews e t  a l . ,  

1983b 1 : 

Si = - MiCi + bi (2.51 

where M .  and bi are constants  t h a t  a r e  determined exper imenta l ly .  The 

1 i near re1 a t i onsh ip  between source s t r e n g t h  and concen t ra t i on  i n Equa- 

t i o n  2.5 w i l l  genera l l y  be v a l i d  on l y  f o r  a r e s t r i c t e d  range o f  con- 

c e n t r a t i o n .  he equat ion f o r  t h e  source s t r e n g t h  o f  a formaldehyde 

e m i t t e r  t h a t  s covered by a penneation b a r r i e r  i s  (Matthews e t  al., 

1983b I 

1 
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where: C* = the concentration of formaldehyde under the per- 

meati on barrier, 

D = the diffusion coefficient for formaldehyde diffu- 

sion through the barrier, and 

L = the thickness of the barrier. 

If  changes i n  the ventilation rate  affect  the temperature of t h e  

formaldehyde emitter or t h e  indoor humidi ty ,  then modifications of the 

model t o  account for  the impact of these parameters on formaldehyde 

source strength would be required. We have not included these modifi- 

cations in this  paper--further information s presented by Andersen e t  

a l . ,  1975; Long e t  al., 1979; Berge e t  al., 1980; and Matthews e t  a l . ,  

1983. The model presented here has not been extensively verified in 

f ie ld  studies and will be very d i f f icu l t  t o  use when several sources 

of formaldehyde are present because of the large amount of input data 

required and because much of this data i s  no t  readily available. I t  

i s  presented here because t h e  validity of less  coniplex mOdelS i s  

questionable and also t o  i l l u s t r a t e  the diff icul t ies  i n  determining 

the impact of ventilation o r  other control measures on formaldehyde 

concentration. 

3. Discussion of CIodels 

The mass balance models presented above have been used t o  demon- 

s t ra te  various potential relationships between ventilation rate and 
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i ndoor  p o l l u t a n t  concen t ra t i on  and t h e  e f f e c t s  o f  var ious f a c t o r s  on 

these r e l a t i o n s h i p s .  F i g u r e  2.1 i l l u s t r a t e s  t h a t  t h e  r a t e  o f  

p o l l u t a n t  removal by processes o t h e r  than  v e n t i l a t i o n  can have a 

s u b s t a n t i a l  impact on t h e  i ndoor  concen t ra t i on  when a i r  exchange r a t e s  

a r e  moderate o r  low; a t  h igh  a i r  exchange rates, hwever ,  these 

removal processes have a much sma l le r  e f f e c t  on i ndoor  concentrat ion.  

The r e l a t i o n s h i p s  between a change i n  v e n t i l a t i o n  r a t e  and a 

change i n  i ndoor  Concentrat ion a r e  b e t t e r  i l l u s t r a t e d  i n  F i g u r e  2.2. 

The s e n s i t i v i t y  o f  i ndoor  concen t ra t i on  t o  a i r  exchange r a t e  i s  re- 

duced as t h e  r a t e  o f  p o l l u t a n t  removal by processes o the r  than v e n t i -  

l a t i o n  i s  increased (compare curves C ,  E ,  and F o r  curves A and B). 

The PAEC (curves A and B )  i s  shown t o  be h i g h l y  s e n s i t i v e  t o  t h e  

v e n t i l a t i o n  r a t e  f o r  t h e  case shown o f  a constant  radon source 

s t r e n g t h  because a change i n  v e n t i l a t i o n  a f f e c t s  bo th  t h e  source 

s t r e n g t h  and removal r a t e  o f  radon progeny. The r a t e  o f  progeny 

p l a t e - o u t  does n o t  have a l a r g e  impact on t h e  r e l a t i o n s h i p  between a 

change i n  v e n t i l a t i o n  r a t e  and a change i n  PAEC (compare curves A and 

B1. 

One poss ib le  r e l a t i o n s h i p  between a i r  exchange r a t e  and indoor  

formaldehyde concen t ra t i on  i s  a l s o  i l l u s t r a t e d  i n  F i g u r e  2.2 (curve 

U ) .  Th i s  curve i s  f o r  a s t r u c t u r e  w i t h  two formaldehyde sources 

( p a r t i c l e b o a r d  and medium-densi ty f i b e r b o a r d )  t h a t  a re  n o t  separated 

from t h e  i ndoor  a i r  by a penneation b a r r i e r .  It i s  based on 
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assumptions of no formaldehyde removal by r e a c t i o n ,  no change i n  

indoor humidity, and a l i nea r  increase i n  formaldehyde source strength 

with a decrease i n  indoor concentration. Par t icu lar  s e t s  of values of 

Mi, bi ,  and A i / ' /  (see Equations 2.4 - 2.6) were chosen t o  generate the 

curve  based on da ta  from Matthews e t  a l .  (1983b). T h e  impor t an t  

po in t  t o  note i s  t h a t  t he  coupl ing  between formaldehyde source  

strength and indoor concentration can subs tan t ia l ly  reduce the impact 

of ventilation ra te  on concentration. 

W h i  1 e the  t h e o r e t i c a l  l y  d e r i v e d  re1  a t i o n s h i p s  d i f f e r  

subs tan t ia l ly ,  in general, the indoor concentration increases rapidly 

as a i r  exchange ra tes  become low. Avoiding unusually low a i r  exchange 

r a t e s  i s ,  t h e r e f o r e ,  an impor t an t  component o f  s t r a t e g i e s  f o r  

maintaining acceptable indoor a i r  quality. Because o f  the large range 

in pollutant source strengths,  however, maintaining a typical ventila- 

t ion  ra te  does not ensure low indoor pollutant concentrations. In 

addition, the energy requirements associated w i t h  ventilation make i t  

generally impractical t o  increase the vent i la t ion  ra te  by more t h a n  

about one a i r  change per hour; an increase o f  t h i s  magnitude will  on ly  

have a l a r g e  impact o n  indoor concen t r a t ion  when the  i n i t i a l  a i r  

exchange r a t e  i s  low. Thus ,  the strategy o f  avoiding unusually low 

ventilation rates should be combined with exp l i c i t  e f f o r t s  t o  minimize 

p o l l u t a n t  source  s t r e n g t h s  and, i n  some i n s t a n c e s ,  u t i l i z a t i o n  o f  

pollutant removal processes other t h a n  ventilation. A detailed dis- 

cussion o f  pollutant control measures other than vent i la t ion  i s  pre- 
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sented i n  l a t e r  sec t i ons  o f  t h i s  r e p o r t .  

C. Impact o f  V e n t i l a t i o n  Rate on P o l l u t a n t  Source Strengths 

I n  t h e  p rev ious  sect ion,  t h e  r e l a t i o n  between v e n t i l a t i o n  r a t e  

and b o t h  radon daughter and formaldehyde source s t reng ths  were men- 

t ioned.  The source s t r e n g t h  f o r  radon may a l s o  depend on t h e  v e n t i -  

l a t i o n  r a t e  o r  t h e  method o f  v e n t i l a t i o n .  I n  most s t r u c t u r e s  w i t h  

e leva ted  radon concentrat ions,  t h e  primary source o f  i ndoor  radon i s  

thought  t o  be radon t h a t  emanates from s o i l  and i s  t ranspor ted  i n t o  

s t r u c t u r e s  through c racks  o r  o t h e r  openings by pressure-driven f l o w .  

(Nazaro f f  and Nero, 1984). The r a t e  o f  en t r y  may increase i f  the  

i n t e r i o r  o f  t h e  s t r u c t u r e ,  ad jacen t  t o  these e n t r y  l oca t i ons ,  i s  

depressurized. A dep ressu r i za t i on  o f  t h i s  t ype  may be caused by t h e  

stack e f f e c t  which i s  one o f  t h e  pr imary d r i v i n g  fo rces  f o r  i n f i l t r a -  

t i o n .  The stack e f f e c t  r e s u l t s  from t h e  f o r c e  o f  g r a v i t y  and t h e  

d i f f e r e n c e  between t h e  dens i t y  o f  outdoor  a i r  and t h e  heated i ndoor  

a i  r; i t  increases w i t h  t h e  i ndoor-outdoor temperature d i f f e rence .  

Thus, t h e  r a t e  of v e n t i l a t i o n  by i n f i l t r a t i o n  and t h e  r a t e  of radon 

e n t r y  ( i .e.,  t h e  radon source s t r e n g t h )  may, i n  some instance, bo th  

i nc rease  w i t h  an increase i n t h e  i ndoor-outdoor temperature d i  f f e ren -  

ce. 

Nazaroff e t  a l .  (1981b) p resen t  da ta  from a number o f  residences 

t h a t  i n d i c a t e s  a p o s i t i v e  r e l a t i o n  between radon source s t r e n g t h  and 

v e n t i l a t i o n  rate. The data from one residence i s  presented i n  F igu re  
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2.3. I n  a l a te r  repor t ,  Nazaroff e t  a l .  (19831 discussed results from 

an intensive study of a single residence. Based on the data from a 

five-month period, the authors developed a model f o r  radon entry i n t o  

the residence t h a t  included entry due t o  molecular diffusion of radon 

t h r o u g h  the concrete floor and walls of the basement and also t o  

pressure-driven flow of soil gas containing radon through various 

openings. the rate of radon entry due t o  flow of soil 

gas was proportional t o  the a i r  exchange rate. Additional evidence 

that  depressurization can increase the radon Source strength was ob- 

tained i n  t h e  same study when large increases i n  radon source strength 

coincided with increases in the ventilation rate and depressurization 

of the house interior caused by fireplace operation. 

In the model, 

Balanced mechanical ventilation provided by a residential a i r - to-  

a i r  heat exchanger (described l a t e r )  apparently d i d  not increase the 

radon source strength i n  studies by Nazaroff e t  al .  (1981) and Offer- 

mann e t  a l .  (1982, 1982b).  I n  these studies, the radon concentration 

followed the trend indicated by the simple Equation 2.1 which i s  based 

on an assumption of constant source strength. One would not expect a 

change i n  radon source strength when balanced mechanical ventilation 

systems ( i . e . ,  systems that supply and exhaust equal amounts of a i r )  

are operated because these systems will not depressurize t h e  residence 

unless they are operated w i t h  an imbalance i n  flow rates. I n  con- 

t ras t ,  mechanical exhaust ventilation, which i s  comnon i n  Europe, w i l l  

depressurize t h e  ventilated structure and, therefore, may increase the 
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radon source strength, although no data are avai lable t o  d i r e c t l y  

r e l a t e  exhaust v e n t i l a t i o n  and radon source strength. 

Based on the l i m i t e d  ava i lab le  information, it may be possible t o  

prevent i ncreases i n  radon entry w i  t h  increased vent i  1 a t i  on by tak ing  

measures t o  reduce the proport ion o f  enter ing a i r  or s o i l  gas tha t  has 

a high concentrat ion o f  radon. Appropriate measures could include 

seal ing paths f o r  radon entry, e.g., cracks i n  the f l o o r  o r  slab, 

providing openings f o r  incoming v e n t i l a t i o n  a i r ,  or v e n t i l a t i n g  a 

crawl space as discussed la te r .  

I t  i s  c lea r  from the  l i t e r a t u r e  that, i n  some instances, there is  

a pos i t i ve  re la t ionsh ip  between v e n t i l a t i o n  r a t e  and radon source 

strength. A t  t h i s  time, however, i t  i s  not known whether t h i s  re la -  

t i o n  holds i n  a small or l a rge  percentage o f  houses; i n  addit ion, 

there are i n s u f f i c i e n t  data t o  quant i fy the re la t ionsh ip  except per- 

haps i n  i so la ted  structures. 

An addi t ional  instance i n  which the v e n t i l a t i o n  ra te  can a f f e c t  

the p o l l u t a n t  source strength i s  noted. I n  a s t ruc tu re  t h a t  i s  very 

a i  r - t i gh t ,  severe depressurization caused by f i rep lace  operation, 

mechanical exhaust ven t i la t ion ,  or some other fac to r  may reverse the 

f l o w  o f  a i r  through the vent stacks o f  combustion appliances. I f  such 

a reversal o f  f low occurs, exhaust products from the  combustion 

appliances w i l l  en te r  the indoor a i r  w i th  po ten t i a l l y  hazardous re- 
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su l t s .  I n s t a l l i n g  combustion appl iances i n  a room i s o l a t e d  f rom the  

o c c u p i e d  space and h a v i n g  i t s  own s u p p l y  o f  c o m b u s t i o n  a i r  i s  one 

method o f  p reven t ing  t h i s  t ype  o f  problem. Another o p t i o n  i s  t o  use a 

h i g h - e f f i c i e n c y  combustion appl iance which employs a f a n  o r  a t e c h n i -  

que o f  pu lsed combustion t o  f o r c e  t h e  exhaust products  o u t  t h e  vent. 

0. Methods o f  V e n t i l a t i o n  

I n  t he  preceding discussion, s i m p l i f i e d  models t o  r e l a t e  v e n t i l a -  

t i o n  r a t e  and p o l l u t a n t  concen t ra t i on  were presented and t h e  impacts  

o f  v e n t i l a t i o n  on p o l l u t a n t  source s t reng ths  were discussed. I n  t h i s  

s e c t i o n ,  s e v e r a l  t e c h n i q u e s  o f  v e n t i l a t i o n  a r e  d e s c r i b e d  ( w i t h  an 

emphasis  on v e n t i l a t i o n  o f  r e s i d e n c e s )  and l i t e r a t u r e  on t h e  p e r -  

formance o f  each technique i s  reviewed. 

1. Na tu ra l  V e n t i l a t i o n  

The u n c o n t r o l l e d  leakage o f  a i r  through cracks and o the r  openings 

i n  t h e  b u i l d i n g  enve lope  (i.e., i n f i l t r a t i o n )  and t h e  f l o w  o f  a i r  

through open windows, doors, and s tacks c o n s t i t u t e  natura? v e n t i l a -  

t i o n .  N a t u r a l  v e n t i l a t i o n  i s  d r i v e n  by n a t u r a l l y  o c c u r r i n g  

d i f f e rences  between the a i r  pressure i n t e r i o r  and e x t e r i o r  t o  these 

o p e n i n g s  i n  t h e  b u i l d i n g  envelope.  The p r e s s u r e  d i f f e r e n c e s  a r e  

caused by wind and a l so  by the  stack e f f e c t  (descr ibed e a r l i e r ) .  An 

o b v i o u s  method t o  reduce  i n d o o r  p o l l u t a n t  c o n c e n t r a t i o n s  i s  t o  
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increase the r a t e  o f  natural  ven t i la t ion .  This can be accomplished by 

b u i l d i n g  the  s t ruc tu re  so t h a t  i t  i s  less  a i r - t i g h t  (e.g., has more 

cracks), by opening windows o r  doors, o r  by using a v e n t i l a t i o n  stack. 

The l i t e r a t u r e  on natural  i n f i l t r a t i o n  is f a i r l y  extensive. A 

nuriiber o f  models are ava i lab le  f o r  p red ic t i on  o f  i n f i l t r a t i o n  rate; a 

comparison of several of these models i s  provided by Liddament and 

A l l en  (1983). I n f i l t r a t i o n  rates o f  houses can vary from less  than 

0.1 t o  several a i r  changes per hour (ach). An average a i r  exchange 

r a t e  f o r  U.S. residences with no open windows o r  doors has been e s t i -  

mated t o  be i n  the range o f  0.5 t o  0.9 ach (Grimsrud e t  al., 1983). 

Major disadvagtages of i n f i l t r a t i o n  a re  t h a t  i t  i s  no t  con t ro l l ab le  

(i .e. , i t  var ies w i t h  weather condi t ions) and t h a t  recovery o f  energy 

f r o m  the e x f i l t r a t i n g  a i r  i s  no t  possible. The major advantage o f  

i n f i l t r a t i o n  i s  t ha t  no investment i s  required f o r  purchase, main- 

tenance, o r  operation o f  v e n t i l a t i o n  equipment. 

I n  cont ras t  t o  i n f i l t r a t i o n ,  the r a t e  o f  v e n t i l a t i o n  by window 

opening can be con t ro l l ed  t o  some degree by the occupants. Window 

opening behavior increased w i t h  outdoor temperature and w i th  the 

number o f  openable windows (Conan, 1982). It i s  no t  l i k e l y  t h a t  

window opening pract ices are su i tab le  f o r  maintaining acceptable i n -  

door concentrations o f  a l l  pol lutants.  Some po l lu tan ts  can be sensed 

by the occupants (e.g., by smell) who may respond by opening windows, 

bu t  other po l l u tan ts  (e.g., radon) cannot be detected. 
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A method t o  increase the ra te  o f  natural  ven t i l a t i on  i s  t o  u t i -  

l i z e  a v e n t i l a t i o n  stack which i s  essent ia l l y  an open chimney t h a t  

extends above the structure.  A i r  i s  dr iven through the stack due t o  

wind and stack ef fects.  The amount o f  v e n t i l a t i o n  provided by the 

stack var ies w i t h  weather conditions. Energy recovery from the stack 

a i r  i s  usual ly not considered p rac t i ca l  because there i s  general ly an 

i n s u f f i c i e n t  d r i v ing  fo rce  t o  move a i r  through a r e s t r i c t i v e  heat 

recovery system. 

2. Balanced Mechanical Ven t i l a t i on  With Heat Recovery fi E 

A i  r-To-Ai r Heat Exchanger 

Background: A major disadvantage o f  using ven t i l a t i on  t o  control  

indoor p o l l u t a n t  concentrations i s  the energy required t o  heat or cool 

the v e n t i l a t i o n  a i r .  To overcome t h i s  disadvantage, techniques o f  

v e n t i l a t i o n  have been developed i n  which energy i s  recovered from the  

exhausted v e n t i l a t i o n  a i r .  One such technique i s  t o  provide balanced 

mechanical v e n t i l a t i o n  and recover energy i n  an a i r - t o -a i r  heat 

exchanger. roughly equal amounts o f  a i r  are supplied t o  

and exhausted from the Structure. I n  an a i r - t o -a i r  heat exchanger, 

heat i s  t ransferred from the wanner t o  the cooler airstream, i d e a l l y  

w i thout  any mixing between the two streams. Due t o  the t rans fer  o f  

heat, the incoming a i r  i s  preheated i n  the w in te r  and precooled i n  

the Sumner, thus reducing the  load on the heating o r  a i r  condi t ioning 

system. I n  some a i r - t o - a i r  heat exchangers, only heat i s  t ransferred 

between airstreams; these are o f ten  re fe r red  t o  as "sensible 

Using fans, 
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exchangers". In other exchangers, often called "enthalpy exchangers", 

bo th  heat and moisture are transferred between airstreams. 

Air- to-air  heat exchangers have been used f o r  some time in 

i n d u s t r y  and commercial buildings and a large variety of designs are 

available.  A descr ipt ion and discussion o f  avai lab le  designs i s  

provided by the American Society of Heating, Refrigerating, and Air 

Conditioning Engineers (ASHRAE) (1983). In recent years, the use of 

mechanical ventilation systems w i t h  air-to-air heat exchangers (MVHX 

systems) have become increasingly common in residences. Since the use 

of M V H X  systems i s  perhaps the most commonly c i t ed  technique f o r  

controlling a i r  quality i n  residences, a detailed discussion of the i r  

performance i s  presented below. 

Description: Residential MVHX systems are described in various 

papers (see. f o r  example, Fisk e t  al., 1980 o r  The ECE Group and The 

Ontario Research Foundation, 1982). A res ident ia l  heat exchanger 

(Fig. 2.4) i s  a system that generally consists of a core, where heat 

i s  transferred between the two airstreams, a pair  of fans, and a case 

t h a t  contains the core, fans, and f i t t i n g s  for  attachment t o  ductwork. 

Some models also contain coarse a i r  f i l t e r s  w i t h i n  the case. 

Most available models of residential air-to-air  heat exchangers 

are designed t o  be attached t o  a ductwork system. Air i s  w i t h d r a w n  

from various locations t h r o u g h o u t  the residence and supplied t o  other 
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Figure 2.6 Window installation o f  an air-to-air heat exchanger. 
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l oca t ions  v i a  the duct system (Fig. 2.5). Hamlin and Besant (1982) 

make recommendations regarding the  i n s t a l l a t i o n  o f  such systems. A i r -  

t o - a i r  heat exchangers tha t  a re  i n s t a l l e d  through wa l ls  or windows 

(Fig. 2.6) and do no t  u t i l i z e  a duct system are a lso  avai lable and 

command a la rge  share o f  the U.S. market. The i n i t i a l  and i n s t a l l a -  

t i o n  costs o f  these unducted systems are general ly lower than the 

costs f o r  ducted systems. 

Impact Indoor & - Q u a l i t y :  Few invest igat ions have been 

conducted t o  determine the impact o f  v e n t i l a t i o n  through MVHX systems. 

on indoor a i r  qua l i t y .  Nazaroff e t  a l .  (1981) i n s t a l l e d  a ducted MVHX 

system i n  a I4aryland home with high radon concentrations. The radon 

concentrat ion i n  the  home was monitored over a two-week per iod  whi le 

varying the  amount o f  ven t i la t ion .  Radon concentrat ion was inversely 

proport ional  t o  v e n t i l a t i o n  r a t e  throughout most of the study,. thus, 

the data fol lowed the  trend ind ica ted  by the  simple Equation 2.1, 

presented above, which i s  based on the assumption o f  a constant 

POI l u t a n t  source strength. 

Offermann e t  a l .  (1982, 1982b) i n s t a l l e d  MVHX systems, inc lud ing  

both ducted and unducted systenis i n  nine occupied residences located 

i n  Rochester, New York. A i r  exchange rates and indoor po l l u tan t  

concentrations were monitored i n  each residence for a ten-day per iod 

w i thout  operation o f  the MVHX systems fol lowed by a ten-day per iod 

w i th  operation of the systems. The average a i r  exchange ra te  i n -  



Ventilation 47 

creased from 0.35 t o  0.63 ach w i t h  operation o f  the MVHX system. 

Average indoor radon concentrations decreased from 1.0 t o  0.5 pCi / l  

which co i  nci  des f a i r l y  we1 1 w i t h  the average decrease predicted using 

Equation 2.1. The average measured reduct ion i n  formaldehyde concen- 

t r a t i o n  was 30% i n  houses w i t h  sensible heat exchangers which compares 

wel l  w i t h  a predicted reduct ion o f  27% i f  a constant formaldehyde 

source strength and a reac t ion  constant ( k )  equal t o  0.4 h'l are 

assumed. (As mentioned ea r l i e r ,  however, a Simple model o f  t h i s  type 

i s  not appropriate f o r  formaldehyde. 1 On a house-by-house basis, 

however. the measured decreases i n  radon and formaldehyde concentra- 

t i ons  o f ten  d i f f e r e d  subs tan t ia l l y  from the  pred ic ted  decreases. 

I n  two o f  the houses monitored during t h i s  study i n  Rochester, 

enthalpy exchangers were i ns ta l l ed ,  and a neg l i g ib le  reduction i n  

formaldehyde concentrat ion was observed. A possible explanation given 

was t h a t  fonaldehyde may have been t rans fer red  between airstreams i n  

t h i s  type o f  exchanger, however, the data was i n s u f f i c i e n t  f o r  a 

conclusion. A neg l i g ib le  reduct ion i n  formaldehyde concentrat ion was 

also observed i n  one o f  the residences w i t h  a sensible exchanger. 

Data from t h i s  study, are suimnarized i n  

Figure 2.7. 

except t h a t  described below, 

Many o f  the houses i n  the Rochester study had i n s i g n i f i c a n t  

indoor sources o f  combustion products. In  the houses where the indoor 

concentrat ions of Combustion products were s i g n i f i c a n t l y  greater than 
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Average percent change of measured parameters 
in 9 Rochester, NY houses 

F igu re  2 . 7  Changes i n  a i r  exchange r a t e ,  i ndoor  p o l l u t a n t  concentra- 
t i o n s ,  and humid i t y  f o l l o w i n g  v e n t i l a t i o n  w i t h  sens ib le- type a i r - t o -  
a i r  heat  exchangers i n  7 houses and s e n s i b l e - l a t e n t  ( i  .e., en tha lpy )  
- t ype  a i r - t o - a i r  heat  exchangers i n  2 houses. The l e f t  b a r  of each 
p a i r  i s  f o r  t h e  p e r i o d  w i t h o u t  ope ra t i on  of t h e  hea t  exchangers and 
t h e  r i g h t  b a r  i s  f o r  t h e  p e r i o d  w i t h  ope ra t i on .  
e t  a l . ,  1982b) a 

(Source: Offennann, 
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outdoor concentrations, substant ia l  reductions i n  both gaseous 

products and par t i cu la tes  were observed w i t h  operation o f  the MVHX 

sy s terns. 

Energy Performance: The capab i l i t y  o f  various res ident ia l  a i r -  

to -a i  P heat exchangers t o  t rans fe r  (recover) heat has been inves t i -  

gated i n  both laboratory and f i e l d  studies. The most comnonly quoted 

performance parameter i s  the  temperature e f f i c i ency  which i s  defined 

by the equation 

Th,i - ‘c,i 
( 2 . 7 )  

where: T i s  an airstream temperature, and subscripts c, h, i, and o 

r e f e r  t o  the co ld  airstream, warn airstream, i n t o  the heat exchanger, 

and ou t  o f  the heat exchanger, respect ively.  The temperature 

e f f i c i ency  i s  a measure o f  the heat exchanger’s a b i l i t y  t o  preheat o r  

precool the incoming a i r  and i t  i s  desirable f o r  i t  t o  be as high as 

possible. Unfortunately, d i f f e r e n t  inves t iga tors  repor t  values o f  

temperature e f f i c i ency  measured under d i f f e r e n t  operating condit ions 

so r e s u l t s  are no t  always d i r e c t l y  comparable. 

I n  laboratory studies, F isk  e t  a l .  (1980, 1981. 1981b) have 

measured the  temperature ef f ic iency o f  several a i r - t o - a i r  heat 

exchangers and found i t  t o  range from 45 t o  b5S. Gezelius (1981) 

summarized r e s u l t s  from laboratory measurements o f  the temperature 
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e f f i c i ency  o f  a la rge  number o f  res iden t ia l  heat exchangers avai lable 

i n  Sweden and ind ica ted  a range from 31 t o  96%. Shoukri (1979) mea- 

sured the  temperature e f f i c i ency  o f  a res iden t ia l  heat exchanger w i t h  

a r o t a t i n g  heat-wheel core and found i t  t o  range from 80 t o  90% under 

most operating condit ions. Besant e t  a l .  (1977) determined i n  labora- 

to ry  studies tha t  the temperature e f f i c i ency  o f  an eas i l y  constructed 

exchanger ranged from 50 t o  1000 over a wide range o f  a i r  f l o w  rates. 

Using a unique t e s t  method, Pe rs i l y  (1982) detennined t h a t  the tem- 

perature e f f i c i ency  o f  a wall-mounted res iden t ia l  heat exchanger was 

t y p i c a l l y  72% a t  n i g h t  and o f ten  higher dur ing the  day due t o  so la r  

i r r a d i a t i o n  o f  the exchanger's case. Pe rs i l y  a lso  concluded that,  due 

t o  imperfect mixing o f  the indoor a i r  and other factors, the actual 

heat recovery ef f ic iency o f  the exchanger was only "55 t o  605, o f  the 

theore t ica l  maxi mum". 

Data on the temperature e f f i c i ency  o f  exchangers operating i n  

actual residences are more l im i ted .  I n  the f i e l d  study by Offermann 

e t  a l .  (1982. 1982b1, the  average temperature e f f i c i ency  ranged from 

49 t o  89% w i t h  an average f o r  a l l  houses o f  72%. T o  provide a number 

tha t  b e t t e r  represented the  impact o f  the exchangers on the heating 

load o f  the residences, a cor rec t ion  fo r  f l o w  inbalances was employed 

t h a t  brought the average temperature e f f i c i ency  down t o  65%. An 

add i t iona l  co r rec t i on  f o r  heat released by the fan motors fu r ther  

reduced the  average value t o  56%. The temperature e f f i c i ency  o f  

several d i f f e r e n t  exchangers i n s t a l  l e d  and operated under a var ie ty  o f  
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condi t ions was measured by Hamlin and Besant (1982) and ranged from 63 

t o  111% wi thout  any corrections. They ind ica ted  t h a t  some o f  the 

measured r e s u l t s  were essen t ia l l y  meaningless due t o  leakage o f  a i r  

between a i  rs t r e a m  and other factors.  

The energy p e r f o m n c e  o f  res iden t ia l  MVHX systems depends highly 

on fan  power requirements as we l l  as temperature e f f i c iency .  I n  

laboratory measurements by F isk  e t  a l .  (1980, 1981b) spec i f i c  fan  

power ranged from 1.4 t o  7.6 W/l/s o f  a i r  f low; a va r ia t i on  o f  

approximately a fac to r  of f i ve .  Based on product l i t e ra tu re ,  many 

manufacturers have recognized the  importance o f  m i  nirnizing fan parer 

and are designing o r  modifying t h e i r  equipment accordingly. 

The impact o f  MVHX system operat ion on the energy requirements o f  

an actual residence depends on average temperature e f f i c iency ,  a i r  

f l o w  rates, fan  power, and other factors. Using a computer model, 

Fisk and Tu r ie l  (1983) compared energy requirements i n  typ ica l  houses 

( w i t h  a l l  v e n t i l a t i o n  provided by i n f i l t r a t i o n )  t o  energy requirements 

i n  t i g h t l y  constructed houses w i t h  ducted MVHX systems. The major 

assumptions and r e s u l t s  are s u m r i z e d  i n  Table 2.2 and Table 2.3, 

respect ively.  The pred ic ted  reduct ion i n  v e n t i l a t i o n  heat load (i.e., 

the reduct ion i n  amount o f  energy required t o  heat ven t i l a t i on  a i r )  

ranged from 5.3 t o  18 G J. (50 t o  171 t h e m )  and depended h igh ly  on 

the c l imate  and the heat exchanger's performance. Predicted energy 

consumption by the heat exchanger's fan system ranged from 2.2 t o  3.2 
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G J .  (21  t o  34 therms) which i s  s i g n i f i c a n t  compared t o  the amount o f  

heat recovery. Using essent ia l l y  the same computer model, Tu r ie l  e t  

a l .  (1983) estimated the energy Savings when e l e c t r i c a l l y  heated 

houses i n  the P a c i f i c  Northwest are weatherized t o  reduce i n f i l t r a t i o n  

and unducted MVHX systems are i n s t a l l e d  and operated. The major  

assumptions and r e s u l t s  are s u m r i t e d  i n  Table 2.4 and Table 2.5, 

respect ively.  Net e l e c t r i c a l  energy savings fo r  the heating season o f  

1.7 t o  2.7 G J .  (16.5 t o  25.9 t h e m )  were predicted. The computer 

model was used again w i t h  data from the  f i e l d  study by O f f e m n n  e t  

a t .  (1982b) as inputs  (Table 2.6). The pred ic ted  reduct ion i n  vent i -  

l a t i o n  heat load ranged frm 8.2 t o  16.0 G J .  (78 t o  152 t h e m )  and 

predicted fan energy consumption ranged from 875 t o  1283 kwh (2.99 t o  

4,38 therms). 

A p re fe r red  method t o  determine energy savings when MVHX systems 

are used i s  t o  ac tua l l y  measure enerw consumed f o r  heating i n  houses 

w i t h  and w i thout  these systems. It i s  d i f f i c u l t  t o  ac tua l l y  determine 

energy savings by t h i s  method, however, unless a la rge  number o f  

houses are monitored. Svensson (1982) measured energy consumption i n  

1 5  Swedlsh homes w i t h  MVHX systems and compared i t  t o  the  measured 

consumption i n  15 cont ro l  houses t h a t  had mechanical exhaust ven t i la -  

t i o n  w i thout  heat recovery. The energy savings was approximately 1000 

kwh/yr (0.155 kwh/degree Celsius day) i n  s ingle-story houses and 1250 

kuh/yr (0.17 kwh/degree Celsius day) i n  l a rge r  and more a i r - t i g h t  tno- 

story houses. These savings were less  than might be expected because 
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the average a i r  exchange rate was lower i n  the control houses t h a n  i n  

the houses w i t h  MVHX systems. Many residents of the control houses 

had reduced the ventilation rate i n  their house by closing s lots  

through which a i r  entered the residence. The reported purpose of 

these actions was t o  reduce cold drafts. Svensson calculated that 

energy savings would have been approximately 2400 and 3050 kwh/yr for 

single- and two-story houses respectively, f f both experimental and 

control houses had an a i r  exchange rate of 0.5 ach. Based on measure- 

ments of a i r  temperature, he reported an average temperature efficien- 

cy of 69%. After correcting f o r  fluctuations i n  flow rate and the 

requirement t o  periodfcally defrost the exchanger, he arrived a t  an 

average 

of  51%. 

heat recovery efficiency ("energy obtained/available energy" 

Economics: To evaluate the economics o f  MVHX system utilization, 

one must compare two different alternatives. I t  i s  difficult  t o  

q u a n t i f y  economically the benefits of reduced pollutant concentrations 

due t o  increases i n  ventilation. Therefore, economic evaluations of 

MVHX systems have been based on a comparison of costs when these 

systems are employed t o  costs fo r  an alternate ventilation technique 

w i t h  the same average ventilation rate. 

Economic calculations were perfonned by Fisk and Turiel (1983) 

using a computer mdel along w i t h  the previously described calcula- 

tions of energy savings. Construction of low-inf i l t ra t ion residences 
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and utilization of ducted MVHX systems was compared t o  the more typi- 

cal practice of constructing less air-tight houses and relying on 

natural infi l tration f o r  ventilation. Depending on the climate, the 

cost of the heating fuel, and the MVHX system performance. the net 

present b e n e f i t  for MVHX system u t i l i z a t i o n  ranged from S -1358 t o  

5 +1963 and the discounted payback period ranged from 5 t o  over 30 

years. The calculations, which were based on the point of view of the 

homeowner, indicated that MVHX systems were economical only i n  cold 

climates and w i t h  h i g h  perfomnce MVHX systems. The systems were 

nuch more likely t o  be economical when the home was heated w i t h  an 

expensive heating fuel (e.g., electricity).  The major assunptions and 

results are summarized in Table 2.2 and Table 2.7. 

I n  the analysis by Turiel e t  a l .  (1983) of using unducted MVHX 

systems i n  weatherized, electrically heated houses located in the U.S. 

Pacific Northwest. the net present benefit ranged from f -534 t o  

5 -689 and the discounted payback period was always greater than 30 

years (Table 2.4 and Table 2.8). Thus, the option of not reducing 

infil tration during weatherization appeared much more economical than 

reducing infil tration and using a MVHX system. The low cost of 

electricity i n  the c i t ies  considered (2.3 t o  4.0 cents/kwh i n  June of 

1982) was a major reason for the negative economic results. The cost 

of conserved energy was also calculated and i t  ranged from 7.1 t o  9.7 

cents/kwh. The authors concluded that i n  other regions of the U.S. 

w i t h  colder climates and higher electricity prices, the MVHX systems 
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waul d have been economical . 

When the  computer model was again used t o  evaluate the  economics 

o f  us ing MVHX systems w i t h  data (e.g., performance and costs)  f r o  the 

prev ious ly  discussed Rochester, New York study (Offermann e t  al., 

1982b) a s  inputs, the r e s u l t s  were s im i la r .  The model p red ic ted  t h a t  

increas ing t h e  v e n t i l a t i o n  r a t e  w i th  MVHX systems, i n  con t ras t  t o  

increas ing v e n t i l a t i o n  by some other  means w i t h o u t  heat recovery, was 

marg ina l ly  economical i n  th ree  o f  f ou r  e l e c t r i c a l l y  heated houses and 

n o t  economical i n  f o u r  o ther  houses (Table 2.6). The estimated t o t a l  

c o s t  f o r  purchase, i n s t a l l a t i o n ,  and operat ion o f  t he  MVHX systems f o r  

a 20 year  p e r i o d  ranged from 52200 t o  $3600. 

Economic ca l cu la t i ons  were a l s o  performed by Svensson (1982) 

based on data from h i s  f i e l d  study t h a t  compared MVHX use i n  Swedish 

houses t o  mechanical exhaust v e n t i l a t i o n  w i t h o u t  heat recovery. He 

concluded t h a t  w i t h  an energy c o s t  of b.20 Skr/kwh (-. fb.O27/kwh) and 

an i n i t i a l  c o s t  f o r  t he  MVHX system o f  8000 Skr (-. 51070). the annual 

savings amounted t o  only f i v e  t o  seven percent  o f  the i n i t i a l  

investment. Thus, t he  systems d i d  n o t  appear economical b u t  he noted 

t h a t  they d i d  improve the comfort o f  the occupants because the re  were 

fewer d r a f t s  i n  houses w i t h  MVHX systems compared t o  houses w i t h  

exhaust v e n t i l a t i o n .  

V e n t i l a t i o n  E f f i c i e n c y :  Other i n d i c a t o r s  o f  the performance of 
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MVHX systems include their  ventilation efficiencies. This aspect of 

MVHX system perfonnance will be discussed la te r  i n  the general sec- 

t i o n  on ventilation efficiency. 

Performance Problems: Before concluding the discussion of MVHX 

systems, several performance problems must be noted. Perhaps the most 

important performance problem i s  the formation of ice o r  f ros t  i n  the 

cores of the heat exchangers. The accumulation of ice o r  frost, which 

occurs i n  the passages fo r  the a i r  exiting t h e  structure, can severely 

reduce performance. The American Society of Heating, Refrigerating, 

and  A i  r Condi tioni ng Engi neers (1983) indicates that freezing i s 

ini t ia ted i n  counterflow heat exchangers w i t h  balanced airstream flaw 

rates and w i t h  the temperature and relative humidity of the exhaust 

airstream typical of indoor spaces (i.e., 2l0C and 30 t o  60%). when 

the outdoor temperature i s  i n  the range of -8 t o  -1CIOC. In an experi- 

mental study by Sauer e t  al .  (1981) the onset of freezing i n  a 

counterflow exchanger operating w i t h  balanced flaw rates and the same 

range o f  humidities was -11 t o  -22OC. In a study by R u t h  e t  a l .  

(1975) .  the onset of freezing of an enthalpy exchanger w i t h  a r o t a t i n g  

wheel core was -12 to  -25'~ for t h e  same range of inlet  humidities. 

Freezing was observed w i t h  higher outdoor temperatures (approximately 

-8'C) than i n  the above studies, however, i n  the f ie ld  study by Offer- 

mann e t  a l .  (1982 and 1982b).  I n  laboratory studies o f  freezing i n  

three different residential heat exchangers by Fisk e t  al .  (1983b), 

the onset of freezing ranged from -3 t o  -11'~. The report also i n -  
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cludes data on the impact of f reezing on performance and on the use o f  

a de f ros t  freeze pro tec t ion  technique. Many manufacturers are now 

marketing res iden t ia l  heat exchangers w i t h  freeze pro tec t ion  systems 

o f  various designs. Even w i t h  these freeze pro tec t ion  systems, 

however, reductions i n  performance occur. 

Other perfonnance problems noted throughout the l i t e r a t u r e  i n -  

clude imbalances i n  f low rate,  leakage o f  a i r  between airstreams, 

fou l i ng  o f  heat exchange surfaces by grease, dust, o r  l i n t ,  obstruc- 

t i o n  o f  a i r  in take  and exhaust g r i l l s  by snw or leaves, and t rans fe r  

o f  contaminants between airstreams (mentioned e a r l i e r )  . A t  t h i s  t i m e  

the general re1 i abi 1 i ty o f  MVHX systems and maintenance requirements 

are not we l l  known. 

3 .  Mechanical Exhaust Ven t i l a t i on  

Local Exhaust: The purpose o f  l oca l  exhaust v e n t i l a t i o n  i s  t o  

minimize the transport  o f  po l l u tan ts  f r o m  t h e i r  source t o  the occupied 

space. This process i s  accomplished by exhausting a i r  from locat ions  

c lose t o  a concentrated pol  u tan t  source. I f  the system i s  e f fec t i ve ,  

the concentrat ion o f  PO l u t a n t  i n  the exhausted a i r  w i l l  be 

s i g n i f i c a n t l y  greater than the average concentrat ion i n  the occupied 

space. When p o l l u t a n t  sources are concentrated, l oca l  exhaust Venti- 

l a t i o n  can maintain l o w  indoor p o l l u t a n t  concentrat ions much more 

e f f i c i e n t l y  ( i .e. ,  w i th  l ess  exhausted a i r )  than general d i l u t i o n  

-- 
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ventilation of the entire structure. I n  many instances, the pollutant 

i s  n o t  emitted continuously and the exhaust ventilation system i s  

operated only when needed. 

Local exhaust ventilation i s  c o m n  i n  industry where exhaust 

hoods are often employed (see, f o r  example, American Society of 

Heating, Refrigerating, and Air Conditioning Engineers, 1980). 

Restaurants often use exhaust hoods above cooking surfaces. Typical 

examples of local exhaust ventilation i n  residences are range hoods 

t h a t  exhaust a i r  t o  the outdoors and bathroom fans. In commercial 

buildings, a i r  from certain rooms (e.9.. bathroms, blueprint rooms) 

i s  often exhausted directly t o  the outside (i.e., i t  i s  no t  mixed w i t h  

the general return a i r  that  may be partially recirculated). 

The use of local exhaust ventilation i s  related t o  the concept of 

maximizing ventilation efficiency (discussed l a t e r ) .  I n  addi t ion ,  

local exhaust ventilation can be considered a source control measure 

because i t  effectively reduces pollutant source strengths. Literature 

applicable t o  the use of local exhaust ventilation i n  residential a n d  

comnercial buildings i s  discussed below. 

I n  residential buildings, range hoods that exhaust a i r  t o  the 

outside are one of the most common local exhaust ventilation systems. 

Several investigations of range hood perfonnance have been completed. 

I n  a study by Macriss and Elkins (19771, the increase i n  the kitchen 
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NOx concentrat ion due t o  operation of a gas stove was reduced by 30% 

when a range hood w i t h  an a i r  f l o w  r a t e  o f  93 l / s  was operated. 

However, i n  a l a t e r  study by Traynor e t  a l .  (19821, operation o f  a 

range hood w i t h  a i r  f low ra tes  from 42 t o  117 l / s  caused 60 t o  87% 

reductions i n  the aimunt of CO, C02 and NOx t h a t  entered the  occupied 

space o f  a research house. Range hood performance was also studied by 

Revzan (1984) who used a heated and unheated t race r  gas t o  simulate 

emission o f  po l l u tan ts  from a range. For the  f l o w  ra tes  invest igated 

(10 t o  60 l / s ) ,  Revzan found a l i n e a r  re la t ionsh ip  between range hood 

e f f i c i ency  and f l o w  rate,  w i t h  e f f i c i ency  increasing from 15 t o  77%. 

He defined e f f i c i ency  as (Co - C,)/Co where: Co equals the concentra- 

t i o n  o f  t racer  t h a t  would have occurred i n  the t e s t  space i f  the  

indoor a i r  had been pe r fec t l y  mixed throughout the test, and C, equals 

the measured average concentrati.on o f  t race r  i n  the t e s t  space a f t e r  

the tes t .  

I t  i s  evident from these studies t h a t  range hoods can be h igh ly  

e f f e c t i v e  i n  reducing the  t ranspor t  o f  po l l u tan ts  from a gas range t o  

the occupied space. Because these hoods only need t o  be operated when 

the range i s  used, they cons t i t u te  an energy e f f i c i e n t  p o l l u t i o n  

cont ro l  technique. Range hoods are only e f fec t i ve ,  however, i f  they 

are used. 

There appears t o  be few ava i lab le  data on the ef fect iveness o f  

loca l  exhaust v e n t i l a t i o n  from s p e c i f i c  rooms i n  residences o r  
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comnercial buildings. One study was performed by Revzan (1984) who 

injected tracer gas i n  the center of a room, exhausted a i r  from the 

same room, and monitored tracer gas concentrations i n  the exhaust and 

a t  several points i n  both the room containing the tracer source and i n  

an adjoining room. With 

exhaust a i r  flow rates up  to  1.7 ach (based on the total volume of 

both rooms), the concentration of tracer gas i n  the exhaust and i n  the 

two rooms were roughly equal. W i t h  exhaust flow rates of 2.1 and 2.4 

ach, the concentrations i n  the two roms were st i l l  roughly equal b u t  

the concentrations i n  t h e  exhaust duct were two t o  four times the 

average indoor concentration. The results provide evidence that  local 

exhaust ventilation can reduce the transport of tracer gas t o  an 

adjoining room even when the door between the rooms remains open; 

however, significant a i r  flow rates were required i n  these experi- 

ments. We expect that much lawer a i r  flow rates would be required i f  

the door between the rooms remained closed. The practicality of 

exhausting a i r  i n  residences from rooms containing actual contaminant 

sources has no t  been established. 

( T h e  door between the rooms remained open.) 

Dilution Exhaust: The goal of dilution exhaust ventilation i s  t o  

ventilate the entire structure or a t  l eas t  major portions of the 

structure. In Sweden and other Scandinavian countries, this  method of 

ventilation i s  comnonly used i n  t i g h t l y  constructed residences. A fan  

exhausts a i r  t o  the outdoors and outdoor a i r  enters the residence 

t h r o u g h  openings i n  the b u i l d i n g  envelope. S l o t s  are often provided 
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through the wa l ls  o f  each room and outdoor a i r  enters the residence 

through these s lo t s .  The s l o t s  may be designed so t h a t  they can be 

manually closed ( e i t h e r  p a r t i a l l y  o r  completely). With some s l o t  

systems, the s i ze  o f  the opening and, thus, the v e n t i l a t i o n  r a t e  i s  

automat ical ly reduced i n  response t o  a reduct ion i n  outdoor tempera- 

ture. 

I n  canparison t o  v e n t i l a t i o n  by na tura l  i n f i l t r a t i o n ,  there are 

several s i g n i f i c a n t  advantages t o  mechanical exhaust v e n t i l a t i o n  i n -  

c lud ing  the  fol lowing: 

1. The v e n t i l a t i o n  r a t e  can be adjusted t o  equal the  desired 

value and increased o r  decreased when desired. 

2. The v e n t i l a t i o n  r a t e  can be h igh ly  stable i n  an a i r - t i g h t ,  

exhaust-venti lated s t ruc tu re  (i.e. , wi thout  la rge  s lo t s ) .  

This s t a b i l i t y  i s  possible because the r a t e  o f  a i r  leakage 

through an opening (e.g., a crack) i n  the bu i l d ing  envelope 

i s  proport ional  t o  the square roo t  o f  the pressure 

d i f fe rence across the opening. Mechanical exhaust ven t i -  

l a t i o n  w i l l  depressurize the i n t e r i o r  o f  the house r e l a t i v e  

t o  outdoors and, i f  s i g n i f i c a n t  depressurization occurs. the 

impact o f  weather-induced pressures on v e n t i l a t i o n  fa te  w i l l  

be small. Because the  v e n t i l a t i o n  r a t e  i s  more stable w i t h  

exhaust ven t i la t ion ,  periods o f  time w i t h  very l o w  vent i la -  
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t i o n  (and correspondingly much higher than average 

p o l l u t a n t  concentrat ions) are avoided. Large increases i n  

v e n t i l a t i o n  r a t e  dur ing periods o f  co ld  weather ( w i t h  

associated high energy demands) are also avoided i f  the 

ven t i l a t i on  r a t e  i s  constant. Another advantage resu l t s  

from the f a c t  t h a t  indoor p o l l u t a n t  concentrat ion i s  roughly 

proport ional  t o  the inverse of the a i r  exchange rate. 

Because o f  t h i s  fact ,  a lower time-averaged p o l l u t a n t  

concentrat ion occurs when the v e n t i l a t i o n  r a t e  i s  stable 

compared t o  the case when i t  i s  h igh ly  var iable assuming 

t h a t  the mean v e n t i l a t i o n  r a t e  i s  the same f o r  both cases. 

3. Uhen mechanical exhaust v e n t i l a t i o n  i s  employed, a i r  can be 

drawn from loca t ions  near p o l l u t a n t  sources which i s  a more 

e f f i c i e n t  method o f  c o n t r o l l i n g  p o l l u t a n t  concentration. 

4. A f i n a l  advantage o f  mechanical exhaust v e n t i l a t i o n  i s  t h a t  

energy can be recovered from the exhausted airstream -- t h i s  

top i c  w i l l  be discussed i n  more d e t a i l  l a t e r  i n  t h i s  sec- 

t ion .  

Along w i t h  the advantages, there are some important disadvantages 

t o  mechanical exhaust ven t i la t ion .  A cap i ta l  cos t  i s  associated w i th  

the mechanical system and w i t h  bu i l d ing  a more a i r - t i g h t  residence. 

E l e c t r i c i t y  i s  required t o  operate the exhaust fan. A l s o ,  i f  la rge  
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amounts o f  co ld  a i r  i s  drawn i n t o  the residence a t  any s ing le  loca- 

t ion ,  c o l d  d ra f t s  may r e s u l t  as noted i n  the study by Svensson (1982). 

Another s i g n i f i c a n t  disadvantage i s  t h a t  the radon source strength may 

be increased by depressurization o f  the s t ruc tu re  when exhaust ven t i -  

l a t i o n  i s  employed as discussed i n  a previous section. 

Yhen mechanical exhaust v e n t i l a t i o n  i s  u t i l i z e d ,  energy can be 

recovered fran the exhausted airstream. Th is  energy recovery i s  

general ly accomplished by using a heat pump t h a t  t rans fers  heat from 

the exhaust airstream t o  the domestic h o t  water supply. I f  add i t iona l  

energy i s  avai lable,  i t  can be t rans fer red  t o  water used i n  a ho t  

water heat ing system o r  t o  the indoor a i r .  Su i tab le  heat pumps are 

ava i lab le  i n  Europe from a number o f  European manufacturers and i t  may 

be possible t o  u t i l i z e  heat pump systems t h a t  are ava i lab le  i n  the 

U.S. f o r  ho t  water heating. This technique o f  v e n t i l a t i o n  w i t h  heat 

recovery i s  being used i n  Sweden and o ther  European countr ies bu t  

estimates o f  the number o f  systems i n s t a l l e d  are not ava i lab le  and 

almost no re levant l i t e r a t u r e  i s  ava i lab le  t h a t  i s  publ ished i n  En- 

g l  i sh. 

Heat recovery w i th  a heat pump can be compared q u a l i t a t i v e l y  t o  

heat recovery w i t h  an a i r - t o - a i r  heat exchanger. The heat punp system 

w i l l  requ i re  more e l e c t r i c a l  energy than the heat exchanger. I n  a 

tightly-COnstruCted structure, the  heat pump can recover energy from 

v i r t u a l l y  a l l  the v e n t i l a t i o n  a i r  since almost a l l  o f  t h i s  a i r  w i l l  
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e x i t  the s t ruc tu re  through the exhaust fan. I n  contrast, a s i g n i f i -  

cant amount o f  a i r  w i l l  e x f i l t r a t e  through the bu i l d ing  envelope o f  a 

s t ruc tu re  w i t h  an a i r - t o - a i r  heat exchanger (unless the s t ruc tu re  i s  

constructed very t i g h t l y )  and the heat exchanger cannot recover energy 

from t h i s  e x f i l t r a t i n g  a i r .  The heat pump remains useable year round 

as a source o f  heat f o r  the domestic ho t  water, although i t  would be 

thermodynanlically more e f f i c i e n t  t o  use the wanner outdoor a i r  as the 

heat source during periods o f  a i r  condit ioning. The a i r - t o -a i r  heat 

exchanger can provide useful  pre-cool ing o f  v e n t i l a t i o n  a i r  during the  

sumner but the amount o f  energy saved i s  general ly much less  than i n  

the w in te r  when the d i f fe rence between indoor and outdoor temperatures 

i s  greater. The heat pump system i s  more complex than a heat exchan- 

ger, thus, one would expect a higher i n i t i a l  cos t  f o r  the heat pump 

although mass-produced heat pumps i n  t h i s  s ize  range should no t  be 

p r o h i b i t i v e l y  expensive. F ina l l y ,  the amount and cos t  of ductwork 

required i n  a house w i t h  a heat pump should be s i g n i f i c a n t l y  l ess  than 

i n  a house w i t h  a ducted a i r - t o - a i r  heat exchanger. 

The strategy o f  mechanical exhaust v e n t i l a t i o n  w i t h  and without 

heat recovery and o ther  v e n t i l a t i o n  s t ra teg ies  were t rea ted  i n  a paper 

by Shennan and Grimsrud (19821. This paper provides theore t ica l  

predict ions o f  v e n t i l a t i o n  r a t e  and v e n t i l a t i o n  heat loads i n  struc- 

tures w i t h  three d i f f e ren t  leakage areas (leakage area i s  a measure o f  

bu i l d ing  t igh tness)  f o r  a range o f  outdoor temperatures and wind- 

speeds. I n  add i t ion  t o  mechanical exhaust ven t i l a t i on ,  the authors 
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provide predicted data f o r  v e n t i l a t i o n  by natural  i n f i l t r a t i o n ,  a 

v e n t i l a t i o n  stack, and f o r  balanced mechanical v e n t i l a t i o n  w i t h  an 

a i r - t o - a i r  heat exchanger. Figure 2.8 provides a comparison o f  the 

ven t i l a t i on  r a t e  and add i t iona l  v e n t i l a t i o n  heat load  as a funct ion o f  

weather f o r  a f a i r l y  a i r - t i g h t  s t ruc tu re  (200 cm leakage area) vent i -  

l a t e d  by the various methods described above. (The add i t iona l  vent i -  

l a t i o n  heat load i s  defined as the t o t a l  v e n t i l a t i o n  heat load minus 

the v e n t i l a t i o n  heat load t h a t  would occur i n  the s t ruc tu re  w i t h  the 

smaller amount of v e n t i l a t i o n  t h a t  occurs only by natural  i n f i l -  

t ra t ion . )  The v e n t i l a t i o n  r a t e  i s  l e a s t  s tab le  when a v e n t i l a t i o n  

stack i s  employed and i s  h igh ly  s tab le  when a mechanical exhaust 

system i s  used. Mechanical exhaust v e n t i l a t i o n  w i t h  heat recovery by 

a heat pump (exhaust a i r  cooled by 20°C) causes the smal lest  addi t ion- 

a l  v e n t i l a t i o n  heating load fol lowed i n  order by: the  a i r - t o - a i r  

heat exchanger (70% temperature e f f i c i ency ) ,  mechanical exhaust ven t i -  

l a t i o n  w i t h  heat recovery i n  a heat exchanger (30% temperature e f f i -  

ciency) exhaust v e n t i l a t i o n  w i thout  heat recovery, and the  v e n t i l a t i o n  

stack. Figure 2.Y provides the same comparisons b u t  f o r  a less a i r -  

2 

t i g h t  s t ruc tu re  (500 CmL leakage area). I n  t h i s  case, the a i r - t o - a i r  

heat exchanger becomes somewhat l ess  a t t r a c t i v e  ccmpared t o  the ex- 

haust v e n t i l a t i o n  systems. I f  the authors had based t h e i r  resu l t s  on 

an in teg ra t i on  o f  performance over the range o f  weather dur ing a 

heat ing season, instead o f  comparing the  systems under the same condi- 

t i ons  of weather, the performance o f  the exhaust v e n t i l a t i o n  systems 

should be improved r e l a t i v e  t o  the performance o f  the other systems. 



Ventilation 73 

ENVELOPE LEAKAGE CF 200 SQ CM ~~ ~ ~~ 

Figure 2.8 Comparison o f  t heo re t i ca l l y  predicated ven t i l a t i on  ra te  ( top) and addi- 
t i ona l  v e n t i l a t i o n  heat load (lower) fo r  a house w i t h  2 O O d  leakage area and various 
ven t i l a t i on  systems. The l i n e s  are f o r  an assumed wind speed o f  4 m/s.  The pa i r  Of 
arrows tha t  cross each curve show the e f f e c t  o f  wind speed; the  base o f  the  arrow 
was computed f o r  zero wind speed and the  t i p  f o r  a wind speed o f  8 m/s. (Source: 
S h e m n  and Grimsrud. 1982). 
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ENVELOPE LEAKAGE OF 500 SQ C M  

ENVELOPE LEAKAGE 3F 530 SQ CM 

- 
[n . l ce /&es lde  Temprrature OiffecenCe [Kj 

Figure 2.9 Comparison o f  t h e o r e t i c a l l y  pred ic ted  v e n t i l a t i o n  r a p  ( t o p )  and 
addi t iona l  v e n t i l a t i o n  heat  load ( lawar)  f o r  a house with 500 an leakage a rea  
and var ious v e n t i l a t i o n  systems. The l i n e s  a r e  f o r  an assuned wind speed of 
4 m/s. The p a i r  of arrows t h a t  c ross  each curve shw the effect of wind speed; 
the base of t h e  a r r w  war ccmputed f o r  zero wind speed and the t i p  f o r  a wind 
speed of 8 m/s. (Source: Sherman and Grimsrud. 1982). 
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The paper does, however, i l l u s t r a t e  some of the advantages of mechani- 

c a l  exhaus t  v e n t i l a t i o n  even without  a seasonal i n t e g r a t i o n  of perfor-  

mance. 

E. Concentration-Based Control o f  Mechanical Vent i la t lon  Systems 

The v e n t i l a t i o n  systems of l a r g e  bui ld ings  a r e  o f t e n  designed so 

t h a t  a v a r i a b l e  volum of outdoor a i r  is suppl ied t o  the indoor en- 

vironment. Typical ly ,  t h e  system i s  designed t o  supply a minimum 

amount o f  outdoor a i r  during a l l  per iods of occupancy -- t h i s  minimum 

amount i s  of ten  the amount of outdoor a i r  needed t o  meet a v e n t i l a t i o n  

s tandard,  e.g., 2.5 l /s-person a t  design (i.e.,  maximum) occupancy. 

Control o f  t h e  amount o f  addi t iona l  o u t s i d e  a i r  suppl ied i s  general ly  

based on thermal loads  and outdoor a i r  temperature. 

Vent i la t ion  s tandards f o r  c m e r c i a l  and i n s t i t u t i o n a l  bui ldings 

qeneral l y  speci fy m i  nimm outdoor  a i r  requirements on a per-person 

b a s i s  although o t h e r  a l t e r n a t i v e s  a r e  sometimes permissible .  The 

standards are based on the assumption t h a t  the primary sources  o f  

indoor-generated p o l l u t a n t s  i n  these densely occupied bu i ld ings  a r e  

C02 exhala t ion ,  odors yenerated from people, and tobacco smoking -- 
each a source t h a t  v a r i e s  i n  proport ion t o  occupancy. 

I f  occupants a r e  the most important  sources  of indoor p o l l u t a n t s ,  

t h e n ,  t h e  m i n i m u m  quant i ty  of  outdoor a i r  suppl ied  could be cont ro l led  
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i n  response t o  the actual number o f  occupants, o r  i n  response t o  the 

indoor concentrat ion o f  02, C02, o r  tobacco smoke. Such a cont ro l  

strategy would be expected t o  save energy by e l im ina t i ng  o r  minimizing 

excessive v e n t i l a t i o n  espec ia l l y  dur ing periods o f  l a w  occupancy. The 

la rges t  energy savings would occur i n  bu i ld ings  w i t h  h igh ly  var iab le  

occupancy. 

Control of the outdoor a i r  supply based on indoor C02 concentra- 

t i o n s  has been the  subject  o f  several invest igat ions.  Tu r ie l  e t  a l .  

(1979) discussed t h i s  cont ro l  strategy and concluded t h a t  substant ia l  

energy savings cou ld  r e s u l t  from i t s  implementation. For  example, the  

year ly  energy savings i f  t h i s  strategy was used i n  a t y p i c a l l y  s ized 

school bu i l d ing  i n  the Northwest o r  Northcentral regions o f  the U.S., 

was estimated t o  vary from 0.273 t o  0.358 m i l l i o n  k i l o w a t t  hours. The 

payback per iod was estimated t o  be three t o  fou r  years based on 1978 

p r i  ces. 

Experiments were l a t e r  performed i n  actual bu i ld ings  by incorpo- 

r a t i n g  C02-based con t ro l  systems f o r  the outdoor a i r  supply. 

Sodergren (1982) monitored a two-person o f f i c e  room and estimated 10 

t o  40% energy savings, compared t o  a 

constant supply of outdoor a i r .  Janssen e t  a l .  (1982) conducted 

experiments i n  the music wing o f  a school bu i l d ing  and determined t h a t  

energy savings were about 20% compared t o  an improved, temperature- 

based method o f  Cont ro l l ing  the  e x i s t i n g  v e n t i l a t i o n  system. 

depending on the  C02 se t  point ,  
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Another example of c o n t r o l l i n g  mechanical ven t i l a t i on  system 

based on an indoor p o l l u t a n t  concentrat ion i s  the use o f  a humidistat 

t o  cont ro l  the fan operation or fan  speed o f  res iden t ia l  a i r - t o - a i r  

heat exchangers. This p rac t ice  i s  common i n  co ld  regions o f  Canada 

and the  U.S. The basis f o r  t h i s  cont ro l  strategy i s  the assumption 

t h a t  v e n t i l a t i o n  s u f f i c i e n t  f o r  humidity cont ro l  w i l l  a l so  be s u f f i -  

c i e n t  t o  control  concentrat ions o f  other po l lu tan ts .  We are unaware 

o f  any estimates o f  the energy savings t h a t  r e s u l t  from water vapor 

based control .  

The major drawback t o  using C02 or water vapor concentrat ion as 

the basis f o r  c o n t r o l l i n g  the  r a t e  o f  outdoor a i r  supply i s  t ha t  these 

strategies w i l l  no t  always ensure acceptable concentrations o f  other 

po l lu tan ts .  I t  i s  known t h a t  the source strengths f o r  indoor-gene- 

ra ted  po l l u tan ts  can vary widely, thus, v e n t i l a t i o n  requirements may 

o f ten  be d i c ta ted  by the  concentrat ion o f  some p o l l u t a n t  other than 

C02 o r  water vapor. However, i n  s i t ua t i ons  where i t  can be concluded 

tha t  acceptable concentrat ions o f  other po l l u tan ts  w i l l  be maintained, 

these techniques appear h igh ly  a t t rac t i ve .  Control o f  ven t i l a t i on  

systems based on the indoor concentrations o f  other po l l u tan ts  (e.g., 

Rn, HCHO, CO, NO2) may also become a t t r a c t i v e  i n  the fu tu re  i f  in -  

expensive sensors f o r  these po l l u tan ts  become avai lable. 
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F. Ventilation Efficiency 

The objectives of ventilation are to  remove o r  supply heat and 

moisture and t o  remove pollutants from the indoor a i r .  The 

performance of a ventilation system depends on the patterns of a i r  

flow throughout the ventilated space and on the locations and emission 

characteristics of t h e  pollutant sources. By uti l izing ventilation 

a i r  m r e  effectively, indoor a i r  quality can be improved and/or t h e  

energy required f o r  ventilation can be  reduced. 

Several "ventilation efficiency parameters" have been defined 

t h a t  are useful f o r  characterizing various aspects of the performance 

of ventilation systems. If  the locations and emission characteristics 

of p o l l u t a n t  sources are not known,  the relevant ventilation efficien- 

cies are ones t h a t  describe the flow and distribution of a i r .  Other 

ventilation efficiencies have been defined tha t  describe the capabili- 

t y  of a ventilation system in removing pollutants and these efficien- 

cies wi l l  depend on characteristics of the pollutant source. Ventila- 

t i o n  efficiency i s  often studied by using t racer  gases to  label the 

indoor air  o r  the supplied ventilation a i r ,  o r  by using tracers t o  

simulate t h e  emission of pollutants w i t h i n  the ventilated space. A 

large amount of l i t e ra ture  is  available on the subject of ventilation 

efficiency. Only sane of t h e  major topics and results are reviewed 

here -- more detailed information i s  available from the original 

l i terature.  (See, f o r  exanple: Boman, 1982; Freeman e t  a l . ,  1982; 
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Malmstrom and Ahlgren, 1982; OffeWnn e t  a l . ,  1982~. 1983; Revzan, 

1984; Sandberg, 1981, 1982; Sandberg e t  a l .  1982b; Sandberg and Sjo-  

berg. 1983; Skaret and Mathisen 1982, 1983; Skaret, 1983b.l 

1. Short-Ci rcui ti n 3  versus D i  spl acement of Air 

The pattern of a i r  flow within a ventflated space can range.from 

one extreme with a large amount of short-circuiting of a i r  from 

supply t o  

exhaust approaches a piston-type or displacement flow. Between these 

extremes i s  the case of perfect mixing of t h e  indoor air. I t  i s  

generally desirable t o  achieve a displacement-type flow t o  the degree 

possible since, with th i s  type of flow pattern, the mean amount of 

time that  a i r  molecules remain in the structure is  minimized and, 

thus, indoor pollutant concentrations will often be near their  mini- 

mum. 

t o  exhaust t o  the other extreme where the flow fran supply 

A parameter tha t  characterizes the overall a i r  flow pattern in a 

structure i s  the nominal ventilation efficiency (also called the 

overall ventilation efficiency o r  simply the ventilation efficiency). 

I f  the indoor a i r  i s  perfectly mixed, the nominal ventilation eff i -  

ciency wi 11 equal uni ty . Short-circuiting reduces the nominal venti- 

lation efficiency below unity. As the a i r  flow pattern ranges between 

complete mixing and perfect displacement flow, the corresponding nomi- 

na l  ventilation efficiency will range beGeen unity and a maxinum 
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value o f  bo. For a hypothet ical  p o l l u t a n t  t h a t  i s  generated a t  a 

uniform r a t e  throughout the ven t i l a ted  space, the  nominal v e n t i l a t i o n  

e f f i c i ency  would equal the concentrat ion o f  p o l l u t a n t  i n  the exhaust 

airstream d iv ided by the  average indoor concentration. Another i n t e r -  

p re ta t i on  i s  provided by Sandberg and Sjoberg (1983) who have appl ied 

age d i s t r i b u t i o n  concepts t o  character ize v e n t i l a t i o n  and has demon- 

s t ra ted  t h a t  the nominal v e n t i l a t i o n  e f f i c iency  equals the age o f  the 

indoor a i r  i f  t h i s  a i r  was pe r fec t l y  mixed (i.e., s t ruc tu re  volume/air 

f l o w  r a t e )  d iv ided by the  actual mean age o f  the indoor a i r .  (The age 

o f  a parcel o f  a i r  i s  defined as the amount o f  time t h a t  has elapsed 

since the a i r  entered the  structure.) One l a s t  i n te rp re ta t i on  i s  t h a t  

t h i s  nominal v e n t i l a t i o n  e f f i c i ency  i s  the e f fec t i ve  v e n t i l a t l o n  r a t e  

div ided by the  nominal v e n t i l a t i o n  r a t e  where the  l a t t e r  equals the 

f l o w  r a t e  o f  outdoor a i r  i n t o  the s t ruc tu re  d iv ided by the volume o f  

the ven t i l a ted  space. 

The la rges t  s e t  o f  data on the  nominal ven t i l a t i on  e f f i c i ency  o f  

various v e n t i l a t i o n  systems i n  a single-chamber space i s  provided by 

Sandberg e t  a l .  (1982b). Data i s  presented from more than one hundred 

experiments w i t h  s i x  d i f f e r e n t  v e n t i l a t i o n  systems. The nominal ven- 

t i l a t i o n  e f f l c i ency  var ied  widely -- from approximately 30 t o  125%. 

The highest v e n t i l a t i o n  e f f i c i enc ies  occurred when the supply and 

exhaust reg is te rs  were located a t  d i f f e r e n t  heights (i.e., supply a t  

c e i l i n g  and exhaust a t  f l o o r  l eve l  o r  supply a t  f l o o r  and exhaust a t  

c e i l i n g  l eve l  1 and when, simultaneously, the re la t ionsh ips  between 
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supply and exhaust temperature was such as t o  promote a displacement- 

type f l o w  pattern.  (The a i r  temperatures had an impact on the flow 

pat te rn  A 

v e r t i c a l  displacement f l o w  can be promoted by: 1) supplying a i r  near 

the c e i l i n g  t h a t  i s  warmer than the exhausted a i r  and exhausting a i r  

near the f l oo r ,  or 2 )  supplying a i r  near the  f l o o r  t h a t  i s  cooler than 

the exhausted a i r  and exhausting a i r  near the  ce i l ing . )  Addit ional 

fac to rs  tha t  a l so  have an impact on nominal v e n t i l a t i o n  e f f i c i ency  are 

the v e n t i l a t i o n  r a t e  and the supply d i f f u s e r  design; the experiments 

by Sandberg e t  a l .  (1982b) also include var ia t ions  i n  these parame- 

ters. 

because o f  the va r ia t i on  i n  a i r  density w i t h  temperature. 

Other data on nominal v e n t i l a t i o n  e f f i c i ency  are presented i n  

many o f  the papers c i t e d  above. The nominal v e n t i l a t i o n  e f f i c i enc ies  

o f  res iden t ia l  MVHX systems (described e a r l i e r )  were measured i n  

studies by Offermann e t  a l .  (1982c, 1983). The e f f i c i enc ies  o f  seven 

ducted b1VHX systems i n s t a l l e d  i n  residences ranged from 56 t o  73% and 

averaged 62%. An unexplained l o w  e f f i c i ency  of 22% was measured i n  an 

e igh th  house. The nominal v e n t i l a t i o n  e f f i c i enc ies  o f  unducted MVHX 

systems measured i n  laboratory studies ranged from 49 t o  66% which i s  

s i m i l a r  t o  the  e f f i c i e n c i e s  o f  the ducted systems. I n  these MVHX 

systems, considerable leakage o f  a i r  occurred bebeen the supply and 

exhaust airstreams and t h i s  leakage caused reductions i n  t h e i r  vent i -  

l a t i o n  e f f i c ienc ies .  Improvements i n  v e n t i l a t i o n  performance might be 

achieved eas i l y  by manufacturing and design changes aimed a t  reducing 
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1 eakage between a i  rs treams . 

2. Mul t i p le  Zones and A i r  D i s t r i b u t i o n  

I n  the previous discussion, the  ven t i l a ted  space was t rea ted  as 

one zone and the nominal or overa l l  v e n t i l a t i o n  e f f i c i ency  f o r  the  

e n t i r e  space was discussed. The nominal v e n t i l a t i o n  e f f i c i ency  does 

not, however, provide informat ion t o  character ize the v e n t i l a t i o n  a t  

spec i f i c  indoor locations. Actual structures may be phys ica l l y  d i -  

vided i n t o  many d i f f e r e n t  zones (e.g., r o w )  and the e f f e c t i v e  r a t e  

o f  v e n t i l a t i o n  can vary g rea t ly  between zones. Even i n  a s ing le  room, 

the e f f e c t i v e  r a t e  o f  v e n t i l a t i o n  can vary widely from p o i n t  t o  point .  

Thus, modeling e f f o r t s  and measurement techniques have been developed 

f o r  evaluat ing the  v e n t i l a t i o n  a t  spec i f i c  locations. 

Ven t i l a t i on  researchers sometimes consider a ven t i l a ted  room t o  

be composed o f  two d i s t i n c t  zones. The occupied zone consists o f  the 

region from f l o o r  l eve l  t o  above the breathing l eve l  and the  remaining 

region i s  considered t o  be the unoccupied zone. (A l te rna te ly ,  the two 

zones may be d i f f e r e n t  rooms.) It i s  general ly preferable, from an 

a i r -qua l i t y  viewpoint. f o r  the  v e n t i l a t i o n  a i r  t o  f l o w  from the  occu- 

pied t o  the unoccupied zone as t h i s  f l o w  pa t te rn  minimizes the mean 

age of a i r  (and i n  many s i t ua t i ons  the average p o l l u t a n t  Concentra- 

t i o n )  i n  the occupied zone. I f  each o f  the zones i s  assumed t o  be 

pe r fec t l y  mixed and the  r a t e  o f  a i r  r e c i r c u l a t i o n  between zones i s  
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specified, the v e n t i l a t i o n  e f f i c i ency  i n  each zone can be predicted 

using a simple model. The v e n t i l a t i o n  e f f i c i ency  i n  t h i s  case (which 

may be ca l l ed  the l oca l  v e n t i l a t i o n  e f f i c i ency  or the steady-state 

r e l a t i v e  v e n t i l a t i o n  e f f i c iency)  equals the age o f  the indoor a i r  i f  

t h i s  a i r  were pe r fec t l y  mixed d iv ided by the actual mean age o f  a i r  i n  

the occupied zone although other in te rpre ta t ions  can a lso  be made. I n  

Figure 2.10, t h i s  predicted l oca l  v e n t i l a t i o n  e f f i c i ency  i s  p l o t t e d  

versus the r a t e  of r e c i r c u l a t i o n  between zones f o r  two d i f f e r e n t  loca- 

t i ons  o f  a i r  supply and exhaust. The advantage o f  arranging the  

supply and exhaust terminals t o  promote a displacement f l o w  and o f  

supplying v e n t i l a t i o n  a i r  d i r e c t l y  t o  the occupied zone are c lea r l y  

i l l u s t r a t e d .  As the r a t e  o f  a i r  r e c i r c u l a t i o n  between zones i n -  

creases, however, d i f ferences i n  performance o f  the various systems 

becomes less  d i s t i nc t .  The two-zone model used t o  generate Figure 

2.10 i s  obviously a gross s i m p l i f l c a t i o n  o f  actual a i r  f l o w  patterns 

bu t  the general trends ind ica ted  by the  model are valuable. Also, 

experiments conducted by several researchers (Malmstrw and Ah1 gren, 

1982; Sandberg. 1981; Skaret and Mathisen, 1982; and Skaret, 1983b) 

indicated tha t  s i g n i f i c a n t  s t r a t j f i c a t i o n  can ac tua l l y  occur i n  the 

ve r t i ca l  d i rec t ion ,  thus, a Go-zone model may provide a 

reasonable approximation o f  actual performance i n  some si tuat ions.  

I n  add i t i on  t o  modeling v e n t i l a t i o n  e f f i c i ency  i n  d i f f e r e n t  

zones, the v e n t i l a t i o n  e f f i c i ency  a t  spec i f i c  locat ions can be mea- 

sured. ( I n  t h i s  paper we use the t e r n  " loca l  ven t i l a t i on  e f f i c iency"  
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Figure 2 .10  Local v e n t i l a t i o n  e f f i c i e n c y  ( f o r  a i r )  of zone 1 versus 
coupling fac tor  and locat ions  of a i r  supply and exhaust, ca lcu la ted  
from a two-zone model; p e r f e c t  mixing was assumed w i t h i n  each zone. 
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to describe the ventilation efficiency a t  a specific location -- other 

investigators have sometimes used the term "relative ventilation eff i -  

ciency".) The age-based interpretation of the local ventilation eff i -  

ciency i s  t h e  age o f  a i r  w i t h  complete mixing divided by the actual 

local age of a i r .  Some researchers have interpreted the local venti- 

l a t i o n  efficiency as a local ventilation rate divided by the nominal 

( i .e.  , with complete mixing) ventilation rate. Measured local venti- 

lation efficiencies are s t r ic t ly  valid only a t  the measurement point 

although they are often considered t o  be representative of a region 

le.g. , room) su r round ing  t h e  measurement point. The relationship 

between the local ventilation efficiencies and the nominal or overall 

ventilation efficiency i s  Simple -- the nominal efficiency equals the 

average of the local ventilation efficiencies for the entire venti- 

lated space. 

Measured local ventilation efficiencies have been presented by a 

number of researchers. Sandberg e t  al .  (1982b) catalog results from 

more than one hundred experiments i n  a single room demonstrating that  

the local ventilation efficiency can vary substantially even w i t h i n  a 

single room. The highest local ventilation efficiencies often 

occurred near the location of a i r  supply and the degree of variation 

i n  efficiency depended on ventilation system characteristics. Addi- 

tional data from Sandberg and Sjoberg (19831, and Bomn (1982) leads 

t o  the same conclusions. 
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Fewer data are available f o r  the local ventilation efficiencies 

i n  multi-room structures. Sandberg (1982) conducted experiments i n  a 

two-room structure with a i r  entering primarily in one roam and exiting 

the other. T h e  local ventilation efficiency was always significantly 

higher i n  the room where ventilation a i r  f i r s t  entered. When the door 

between rooms was closed and a i r  flowed through a s lo t  under th i s  

door, the local ventilation efficiency was a t  least  twice as high in 

the room where ventilation a i r  entered. The average ventilation 

efficiency f o r  the ent i re  space was as high as 140% w i t h  a closed door 

between room. Freeman e t  a l .  (1982) measured t h e  local ventilation 

rate (1.e.. the inverse of the local age of a i r )  in each room of a 

two-story residence under a variety of conditions. T h e  m i x i n g  between 

rooms was generally very good (i .e. ,  the local ventilation rate  was 

nearly uniform). Offermann e t  a l .  (1982~. 1983) determined local 

ventilation efficiencies when unducted residential MVHX systems were 

operated i n  a three-room t e s t  structure and in a single-story re- 

search house. Variations up  t o +  20% from the mean local ventilation 

efficiency occurred when internal doors remained open. Mixing bet- 

ween a room and the remainder of a house separated by a closed door 

was very poor unless a forced-air heating system was operating. 

3. Ventilation Efficiency For Pollutants 

The ventilation efficiencies discussed previously are valuable 

f o r  Characterizing overall a i r  flow patterns and distribution of 
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vent i la t ion  air .  They are  a l so  good indicators of the efficiency of 

v e n t i l a t i o n  sys tems i n  removing p o l l u t a n t s  t h a t  a r e  genera ted  

uniformly throughout the v e n t i l a t e d  space. I n  ac tua l  s t r u c t u r e s ,  

however, pollutants a re  often generated or emitted nonuniformly (i.e., 

from points o r  surfaces). Optimally, the ventilation process should 

be designed for  the most e f f i c i e n t  removal of these pollutants. Ex- 

perimental studies have, therefore, been undertaken t o  evaluate venti- 

l a t i on  s t r a t eg ie s  when actual p o l l u t a n t  sources a re  simulated u s i n g  

t r ace r  gases, and two-zone models have been developed fo r  the case of 

nonuniform p o l l u t a n t  d i s t r i b u t i o n .  v e n t i l a t i o n  e f f ic ienc ies  t h a t  

indicate the efficiency o f  pollutant removal have a l so  been defined. 

Actual p o l l u t a n t  sou rces  a r e  o f t e n  h i g h l y  concen t r a t ed  (e.g., 

p o i n t  sou rces )  a n d  i n  such cases  i t  i s  common t o  exhaus t  a i r  from 

locations close to  the pollutant source. The  objective of this local 

exhaust vent i la t ion  process is  t o  remove the pollutants t o  the degree 

p o s s i b l e  before  they can d i s p e r s e  throughout t he  s t r u c t u r e .  T h e  

performance of local exhaust systems i s  often assessed qua l i ta t ive ly  

by v i sua l  obse rva t ions  of smoke r e l eased  near t he  poin t  of l oca l  

exhaust (e.g., the exhaust hood). A useful quantitative performance 

parameter i s  the steady-state r e l a t ive  vent i la t ion  efficiency fo r  the 

pollutant which is  defined by the equation 

(2 .81 
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where: Ce = the steady-state concentration in the local ex- 

haust airstream, 

C s  = the steady-state concentration i n  the general 

supply a i r ,  and 

T = the average concentration in the indoor a i r  or the 

occupied zone. 

If the local exhaust system i s  effective, th i s  efficiency will be 

significantly greater than unity. Another, b u t  similar, ventilation 

efficiency f o r  local exhaust systems i s  defined by Revzan (1984). 

Selected l i terature  on local exhaust ventilation was reviewed pre- 

viously i n  the section on mechanical exhaust ventilation. 

The performance of general dilution ventilation systems i n  re- 

moving pollutants that  are emitted nonuniformly has also been mdeled 

and studied experimentally us ing  tracer gases. The relative ventila- 

tion efficiency defined in the previous equation remains useful as a 

performance indicator. I f  the average pollutant concentration in the 

occupied zone i s  used i n  th i s  equation, the result  i s  the relative 

ventilation efficiency for pollutant removal in the occupied zone. 

This efficiency can b e  predicted using a two-zone model and typical 

predicted results are shown i n  Figure 2.11 f o r  two supply and exhaust 

configurations and three locations for the pollutant source. The 

advantage of a displacement type ventilation are again evident. 
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Figure 2.11 Local ventilation efficiency (for pollutant removal) 
of zone 1 versus coupling factor and locations of air supply and 
exhaust, calculated from a two-zone model; perfect mixing was 
assumed within each zone. 
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Measurements w i t h  s imulated nonuniform p o l l u t a n t  sources and 

d i l u t i o n  vent i la t ion  systems have been conducted by Malmstrom and 

Ahlgren (19621, S k a r e t  and Mathisen (1982, 19831, and Sandberg and 

Sjoberg (1983). A t  t h i s  time, t h e  da ta  appears too  l i m i t e d  f o r  

general conclusions,  b u t  t h e  r e s u l t s  again suggest  t h a t  v e n t i l a t i o n  

system perfonnance can be s u b s t a n t i a l l y  improved compared t o  the 

performance of systems t y p i c a l l y  used today. 

G. Ventilation o f  Large Buildings 

While t h i s  c h a p t e r  has focused pr imari ly  on vent i la t ion of 

r e s i d e n t i a l  bu i ld ings ,  a b r i e f  d e s c r i p t i o n  i s  provided below t h e  

techniques used t o  ventilate l a r g e  (e.g., o f f i c e )  bu i ld ings  and of 

po ten t ia l  problems w i t h  t h e i r  ventilation t h a t  can adversely a f f e c t  

a i r  qua l i ty .  

1. Description 

Large bui ld ings  almost always conta in  a mechanical v e n t i l a t i o n  

system and sane a l s o  have provisions f o r  natural v e n t i l a t i o n  (e.g., 

openable windows). Uncontrolled i n f i l t r a t i o n  ( a i r  leakage)  can a l s o  

b e  s i g n i f i c a n t  i n  these bui ldings.  Several independent or semi- 

independent mechanical v e n t i l a t i o n  systems may b e  present i n  a Single  

bui lding.  number of v e n t i l a t i o n  system designs a r e  i n  common use; 

only f e a t u r e s  t h a t  a r e  comnon i n  many of t h e s e  designs and t h a t  are 

A 
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relevant t o  t h i s  discussion are described here. 

The t yp i ca l  mechanical v e n t i l a t i o n  system draws i n  outside a i r  

through an adjustable damper (ou ts ide-a i r  damper) and t h i s  outside a i r  

i s  usual ly mixed w i t h  a l a rge r  amount o f  rec i r cu la ted  ( re tu rn )  a i r .  

The mixture o f  outs ide and r e t u r n  a i r  (i.e., supply a i r )  i s  d i rec ted  

through a supply-air  duct system and eventual ly de l i vered  through 

supply-air  d i f f use rs  (usua l ly  located i n  the c e i l i n g )  t o  various 

regions w i t h i n  the  bui ld ing.  A t  one o r  more po in ts  i n  the duct 

system, the a i r  may pass through heating and/or cool ing c o i l s  and 

other equipment. Control o f  the f l o w  r a t e  o f  the supply a i r  may be 

accomplished by manual and/or automatic a d j u s m n t  o f  dampers a t  

various loca t ions  i n  the  supply ductwork and near the supply 

d i f fusers .  I n  some bui ld ings.  the  f l o w  r a t e  may a lso  be var ied by 

c o n t r o l l i n g  the  speed o f  the supply-air  fans. A c o m n  feature i n  

r e l a t i v e l y  new bu i ld ings  i s  a var iab le  a i r  volume ( V A V )  box, located 

upstream o f  a group o f  supply di f fusers,  which automatical ly regulates 

the f l o w  o f  supply a i r  ou t  o f  the d i f f use rs  i n  response 

loads i n  the regions served by the  d i f fusers .  

I n  add i t i on  t o  the  supply a i r  system, re tu rn  a i r  

t o  

s w  

thermal 

thdrawn 

f r o m  various loca t ions  i n  the  bu i l d ing  through exhaust reg is te rs  tha t  

are also usua l ly  located i n  the ce i l i ng .  The re tu rn  a i r  i s  d i rec ted  

through ductwork. o r  through the plenums above a suspended ce i l i ng ,  t o  

the junction where, as mentioned e a r l i e r ,  a po r t i on  o f  t h i s  a i r  i s  
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general ly mixed w i t h  the incoming outside a i r .  The remainder of  the 

re tu rn  air-stream (i.e., the exhaust airstream) i s  exhausted t o  outside 

through an exhaust a i r  damper. The f l o w  r a t e  of the exhaust airstream 

should approximately equal the  f low r a t e  a t  which outside a i r  i s  

brought i n t o  the bu i ld ing .  

I n  the major i t y  o f  la rge  bui ld ings,  the  ra tes  a t  which outside 

a i r  i s  brought i n t o  the  b u i l d i n g  and indoor a i r  i s  exhausted t o  

outdoors are regulated automat ical ly over time i n  response t o  heat ing 

o r  cool ing loads and outside temperature. I f  outside a i r  i s  a t  a 

ternperatme t h a t  makes i t  su i tab le  f o r  cool ing, a la rge  amount may be 

admitted t o  the  bu i l d ing  i n  a mode o f  operat ion c a l l e d  the  "economizer 

cycle". khen heat ing o r  cool ing loads are high because o f  high or  

l o w  outdoor temperatures, the  f low r a t e  o f  outs ide a i r  may be adjusted 

t o  a minimum value i n  order t o  save energy. I n  some bui ld ings,  the  

minimum outside a i r  i s  admitted through a separate se t  o f  dampers 

are no t  con t ro l l ed  thennoseat ical ly i n  response t o  t h e m 1  loads; f o r  

example. these dampers may be subject  only t o  manual adjustment. 

t h a t  

2. Po ten t ia l  Problems 

One po ten t i a l  problem w i t h  the  v e n t i l a t i o n  o f  l a rge  bui ld ings i s  

t h a t  an i n s u f f i c i e n t  amount o f  outs ide a i r  may be de l i vered  t o  the 

b u i l d i n g  as a whole dur ing some or a l l  periods o f  operation. Th is  may 

be due t o  a number o f  fac to rs  inc lud ing  the  fol lowing: 1) the cont ro l  
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system t h a t  regulates the in take  o f  outside a i r  may be fau l ty  or 

improperly adjusted (e.g., i n  some instances the outside-air  damper 

may be f u l l y  closed due t o  adjustments intended t o  save energy and 

entry o f  outs ide a i r  i s  due only t o  leakage through t h i s  damper or 

leakage through the b u i l d i n g  envelope); 2 )  the  Ven t i l a t i on  system o r  

associated cont ro l  system may be poorly designed, constructed, or 

maintained; 3 )  t he  bu i l d ing  may have been enlarged o r  the  occupancy 

increased dramatical l y  w i thout  increasing the  capaci t y  o f  the 

ven t i l a t i on  system; 4 )  components o f  the v e n t i l a t i o n  system my be 

shut down (i.e., non-operating); and 5) the v e n t i l a t i o n  requirements 

may be higher than design values because o f  the presence o f  indoor 

po l l u tan t  sources t h a t  were not considered dur ing the  design process. 

Another v e n t i l a t i o n  problem t h a t  can lead t o  poor a i r  qua l i t y  i s  

t h a t  i n s u f f i c i e n t  outs ide a i r  may be de l i vered  t o  ce r ta in  regions 

w i t h i n  the bui ld ing.  A number o f  factors can lead t o  these instances 

o f  poor a i r  d i s t r i bu t i on :  1) improper system design; 2 )  poor cont ro l  

or adjustment o f  f l o w  r a t e  through the various supply ducts; 3 )  

i n s u f f i c i e n t  de l i very  o f  a i r  through spec i f i c  supply-air  d i f fusers;  

and 4 )  subdiv is ion ( a f t e r  i n i t i a l  construct ion) o f  the bu i l d ing  

i n t e r i o r  i n t o  compartments w i thout  provis ions f o r  the ven t i l a t i on  o f  

each compartment. The r a t e  o f  a i r  supply t o  d i f f e r e n t  regions is ,  i n  

general , automat ical ly con t ro l  l e d  o r  manually adjusted based on the 

requirements f o r  thermal comfort. Complaints regarding thermal 

comfort, or  noise may motivate reductions i n  a i r  supply t o  a d ra f ts ,  



94 Indoor Air Quality Control Techniques 

spec i f i c  region which i n  turn can lead t o  inadequate v e n t i l a t i o n  f o r  

the control  o f  indoor p o l l u t a n t  concentrations. 

Even when an adequate amount of outs ide a i r  e x i t s  the supply-air  

d i f fusers ,  t h i s  a i r  may s h o r t - c i r c u i t  t o  the re tu rn  reg i s te rs  and, 

thus, not be e f f i c i e n t l y  d i s t r i b u t e d  t o  the breathing zone. The 

a t i on  a i r  

a t i on  are 

factors which a f f e c t  the degree of sho r t - c i r cu i t i ng  o f  ven t i  

and the e f f i c i ency  a t  which po l l u tan ts  are removed by vent i  

discussed i n  the  previous sect ion on v e n t i l a t i o n  e f f i c iency .  

3 .  Correct ive Actions 

A r e l a t i v e l y  small amount o f  publ ished informat ion i s  ava i lab le  

on cor rec t ing  the various problems noted above. Often, the  i nd i ca t i on  

o f  problems i s  a high incidence o f  complaints from b u i l d i n g  occupants 

and i t  i s  very d i f f i c u l t  t o  determine i f  these complaints are caused 

by poor v e n t i l a t i o n  o r  o ther  fac to rs  such as unusually high p o l l u t a n t  

sources, thermal discomfort, o r  various psychological factors.  I n  

many hui ld ings,  the f l o w  r a t e  o f  outs ide a i r  can be increased. A few 

problems wi th  the v e n t i l a t i o n  systeni are eas i l y  detected by inspect ion 

(e.g.. f u l l y  closed ou ts ide-a i r  dampers) and can be eas i l y  corrected. 

I n  general, hmever, assessment o f  the performance o f  the v e n t i l a t i o n  

system i s  d i f f i c u l t  -- no convenient and inexpensive technique ex i s t s  

t o  determine how we l l  s p e c i f i c  regions w i t h i n  a la rge  bu i l d ing  are 

vent i lated. The pre fer red  long-term so lu t i on  i s  t o  gain a b e t t e r  
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understanding of t h e  performance of ventilation systems i n  large 

b u i l d i n g s  and t o  modify designs, control strategies,  construction 

practices, and maintenance practices to minimize the frequency of 

problems. 

H. Sunnary 

Ventilation i s  the most widely used and readily available 

technique f o r  maintaining acceptable concentrations o f  indoor- 

generated a i r  pollutants. The relationship between ventilation rate  

and indoor pollutant concentration is complex and, in general, best 

predicted using theoretical models. Large changes i n  indoor p o l l u t a n t  

concentrations ( i .e . ,  factors of three or  fwr )  result  from 

corresponding large changes i n  ventilation rate. I t  i s  clearly 

desirable to avoid extremely low ventilation rates because of  the h i g h  

pollutant concentrations that result. Indoor pollutant concentrations 

can s t i l l  be unacceptably h i g h  i n  structures w i t h  normal ventilation 

rates, however, when pollutant source strengths are h i g h .  I n  such 

instances, i t  may be impractical t o  increase the ventilation rate 

sufficiently to  achieve acceptable indoor a i r  quality and other 

control measures should be considered, possibly i n  conjunction w i t h  

increased ventilation. Only limited measurements have been performed 

t o  assess the changes i n  pollutant concentrations that  result  from 

changes i n  ventilation rate. There i s  a particularly strong need f o r  

d a t a  that  relates the method and  ra te  of ventilation t o  the source 
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strengths for radon and the concentration of formaldehyde. 

I n  the past, residential buildings have been ventilated primarily 

by inf i l t ra t ion during periods when the structure i s  heated o r  cooled. 

A major disadvantage of inf i l t ra t ion i s  that  i t  i s  not easily con- 

trollable,  i .e. ,  i t  varies with weather conditions and building t ight-  

ness. Construction of more air-t ight residential buildings and 

incorporation of mechanical venti 1 ation i s, therefore, increasingly 

c o m n  in regions with cold climates. The  use o f  mechanical venti- 

lation has been a common practice in large buildings for many years. 

One of the major disadvantages o f  large ventilation rates i s  the 

energy required t o  heat or  cool the ventilation a i r ,  and th i s  factor 

i s  becoming increasingly important as energy prices rise. To reduce 

energy requirements associated with ventilation, techniques have been 

developed t o  recover energy from the exhausted a i r .  One such 

technique i s  t o  provide balanced mechanical ventilation and t o  

transfer heat between the incoming and outgoing airstreams i n  an air -  

to-air heat exchanger. The technique has been employed f o r  years i n  a 

l imited number of commercial b u i l d i n g s  and i s  now being used i n  

residences. Available data on the energy performance of these systems 

i s  primarily from labo-ratory investigations. Using computer models 

and laboratory data, significant b u t  variable energy savings are 

predicted when these systems are used i n  cold climates. Field studies 

t o  determine the energy savings that actually occur would be valuable 
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bu t  are d i f f i c u l t  t o  perform. The economics o f  using a i r - t o - a i r  heat 

exchangers compared t o  re l iance on i n f i l t r a t i o n  i s  h igh ly  dependent on 

cl imate, v e n t i l a t i o n  rate,  cos t  o f  heating fue l ,  heat exchanger 

performance, and cap i ta l  costs. 

An a l te rna te  technique t o  mechanically ven t i l a te  residences i s  t o  

employ mechanical exhaust ven t i l a t i on .  Th is  technique appears a t t rac-  

t i v e  from both an energy and a i r  qua l i t y  standpoint because o f  the 

cont ro l lab le  and stable v e n t i l a t i o n  rates tha t  r e s u l t  and because a i r  

can be exhausted from s p e c i f i c  locations. It i s  also possible t o  

recover energy from the exhaust airstream using a heat punp and t o  

t rans fe r  t h i s  energy t o  the  domestic h o t  water supply or the indoor 

a i r .  Measured data and theore t ica l  p red ic t ions  f o r  the performance o f  

these exhaust v e n t i l a t i o n  systems are very l im i ted .  A s i g n i f i c a n t  

concern i s  t h a t  exhaust v e n t i l a t i o n  may, i n  some structures, increase 

the radon source strength. Further inves t iga t ions  o f  both the energy 

and environmental (i.e., a i r  q u a l i t y )  performance o f  exhaust ven t i la -  

t i o n  are required before conclusions can be made regarding i t s  general 

appl i cabi 1 i ty . 

The technique o f  loca l  exhaust v e n t i l a t i o n  has been shown t o  be 

h igh ly  e f f e c t i v e  i n  minimizing the  t ranspor t  o f  po l l u tan ts  f r o m  a 

concentrated source t o  the occupied space. When p o l l u t a n t  sources are 

concentrated such as the emission o f  combustion products from a gas 

range, loca exhaust v e n t i l a t i o n  can maintain l o w  indoor po l l u tan t  
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concentrations much more e f f e c t i v e l y  (i.e., w i th  less  exhausted a i r )  

than generql d i l u t i o n  v e n t i l a t i o n  of the e n t i r e  structure.  A useful 

systems performance ind i ca to r  i s  the r a t i o  o f  po l l u tan t  concentrat ion 

i n  the loca l  exhaust airstream t o  the average indoor concentrat ion -- 
t h i s  r a t i o  should be s i g n i f i c a n t l y  greater than un i ty .  

A method t o  reduce the energy requirements associated w i t h  vent i -  

l a t i o n  i s  t o  improve the cont ro l  systems t h a t  regulate the supply of 

outdoor a i r .  I n  add i t i on  t o  improving the  e x i s t i n g  cont ro l  systems 

t h a t  general ly use thermal loads and outdoor temperatures as the basis 

f o r  control ,  new cont ro l  s t ra teg ies  t h a t  respond t o  indoor p o l l u t a n t  

concentrations appear a t t r a c t i v e  i n  some si tuat ions.  

Experimental inves t iga t ions  and theore t ica l  models have shown 

t h a t  there i s  a wide range i n  the  e f f i c i e n c i e s  o f  d i l u t i o n  v e n t i l a t i o n  

processes. The overa l l  a i r  f l o w  pa t te rn  through a s t ruc tu re  can 

range from one extreme w i t h  a la rge  amount o f  sho r t - c i r cu i t i ng  o f  a i r  

from supply t o  exhaust t o  the  o ther  extreme where the f l o w  from supply 

t o  exhaust approaches a more desirable piston-type o r  displacement 

flow. The d i s t r i b u t i o n  o f  v e n t i l a t i o n  a i r  throughout a s ing le  roan o r  

bebeen rooms can be h igh ly  nonuniform. The ef fect iveness o f  ven t i la -  

t i o n  systems i n  removing po l l u tan ts  tha t  are emit ted nonun i fon l y  i s  

a lso h igh ly  variable. A number o f  " v e n t i l a t i o n  e f f i c i enc ies "  have 

been def ined t h a t  are useful  f o r  character iz ing v e n t i l a t i o n  system 

performance and t h a t  can be determined experimental ly using t race r  
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gases. Available data indicates that  significant improvements i n  

ventilation system performance can be obtained by supplying and 

exhausting a i r  a t  different levels (i .e. ,  floor and C e i l i n g  levels) 

and simultaneously controlling supply a i r  temperature appropriately t o  

promote a displacement flow pattern. There are also advantages t o  

supp ly ing  the fresh ventilation air  t o  the occupied zone. Most data 

on ventiiation efficiency has been obtained i n  laboratory studies and 

further measurements are needed, particularly i n  large buildings. 

Available data suggests that  significant reductions i n  energy 

consumption and improvements in a i r  quality may be obtained by using 

more ef f ic i  en t venti 1 ation systems. 



3. Working Principles and Background Information 
on Pollutant-Specific Control Techniques 

A. Overview 

I n  t h i s  sect ion we review the  working p r inc ip les  f o r  various 

techniques t o  Control indoor pol  l u t d n t  concentrat ions (excluding the  

technique of v e n t i l a t i o n )  and conment on the energy and maintenance 

requirements, and costs of each technique. Control techniques t h a t  

are not based on v e n t i l a t i o n  can be categorized i n  two basic groups: 

1) source cont ro l  measures t h a t  reduce the r a t e  a t  which po l l u tan ts  

are emitted indoors o r  transported frm t h e i r  source t o  indoors, and 

2 )  a i r  cleaning, i.e.. various methods f o r  removing po l l u tan ts  from 

the indoor a i r .  o r  

a i r  cleaning technique, i n  cont ras t  t o  t h a t  o f  ven t i la t ion ,  i s  

general ly 1 i m i  ted t o  one or a few pol lutants.  

The ef fect fveness o f  any spec i f i c  source control  

6. Source Control 

Perhaps the most basic source cont ro l  measure i s  t o  exclude the 

source o f  po l l u tan ts  f r o m  indoors o r  m i  nimi t e  the quanti  t i e s  o f  source 

mater ia l .  I f  t ransport  o f  a p o l l u t a n t  from the  source t o  indoors i s  

possible (e.g.. t ranspor t  o f  radon from high-radium s o i l  t o  indoors), 

then exclusion o f  the source from c lose  proximity t o  the bui ld ings i s  

a po ten t i a l  control  technique. Exclusion i s  general ly more p rac t i ca l  

100 



Principles and Background-Pollutant-Specific Control Techniques 101 

when i t  i s  accomplished during bui ld ing  cons t ruc t ion ,  although re- 

moval o r  reduct ion of sources  i n  e x i s t i n g  bui ld ings  can a l s o  be a 

v iab le  control  measure. As an a l t e r n a t i v e  t o  exclusion,  p o l l u t a n t  

sources  can be modified t o  reduce the r a t e  o f  p o l l u t a n t  emission; 

examples include b a s i c  modiffcat ions to  unvented combustion processes 

o r  changing the composition o f  urea formaldehyde resins used i n  

pressed wood products. F i n a l l y ,  var ious techniques can be employed t o  

i s o l a t e  the source from the indoor a i r ;  these techniques include the 

i n s t a l l a t i o n  of physical b a r r i e r s  t o  i n h i b i t  t r a n s p o r t  of p o l l u t a n t s  

mom the  source (e.g., the s o i l )  t o  indoors ,  and the use o f  loca l  

* * e n t i l a t i o n  a t  the source t o  direct the p o l l u t a n t  t o  outdoors and, 

t h u s ,  prevent  i t s  en t ry  i n t o  the indoor a i r .  

The  e f f e c t i v e n e s s  of a source cont ro l  measure i s  general ly  ind i -  

ca ted  by i t s  impact on the p o l l u t a n t  source s t r e n g t h  (i.e., r a t e  of 

emission indoors o r  t r a n s p o r t  t o  indoors ) ,  o r  by i t s  impact on the 

indoor p o l l u t a n t  concentrat ion.  In many cases  i t  i s  f e a s i b l e  t o  

reduce the indoor p o l l u t a n t  concent ra t ion  by a l a r g e  f a c t o r  when 

employing source control .  Obtaining equal ly  l a r g e  reduct ons i n  con- 

r e n t r a t i o n  by increas ing  the p o l l u t a n t  removal r a t e  ( i  .e. v e n t i l a t i o n  

o r  a i r  c leaning r a t e )  i s  general ly  p r a c t i c a l  only i f  the i n i t i a l  

p o l l u t a n t  removal r a t e  i s  unusually low. 

In addi t ion  t o  the p o t e n t i a l l y  l a r g e  impact on indoor p o l l u t a n t  

concent ra t ion ,  there a r e  o ther  important  advantages t o  source cont ro l .  
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Many source control measures do not significantly increase building 

energy demands and require minimal or no maintenance. Source control 

may, however, involve the use of alternative and more expensive 

materials, appliances, construction practices, o r  manufacturing 

Drocesses o r  may involve the expensive removal and replacement of 

materials. In cases where the in i t ia l  costs for source control are 

reasonable, i t  i s  potentially the most cost effective type of control 

measure. 

C. Rea#val o f  Particulate Phase Contaminants 

A variety of different processes are available for removing 

particulate phase contaminants from ventilation air .  These devices 

can be separated by working principles into two groups: mechanical 

f i l t e r s  and e lectrostat ic  f i l t e r s .  Mechanical f i l t e r s  remove parti-  

cles from a i r  as a result  of the mechanical forces imposed on the 

particles by the airstream and f i l t e r  media. Electrostatic f i l t e r s  

on the other hand rely more on electrostat ic  forces to  remove parti- 

cles from the a i r .  

1. Particulate Removal Mechanisms & Mechanical Fil tration 

The removal of particles from a i r  by mechanical f i l t ra t ion  i s  

generally accomplished by passing the a i r  through a fibrous media. 

There are five basic mechanisms by which particles can be deposited 
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on the f i b e r s  i n  a f i l t e r :  1) i n e r t i a l  impaction, 2 )  intercept ion,  3 )  

diffusion. 41 e l e c t r o s t a t i c  a t t rac t ion ,  and 5 )  grav i ta t iona l  se t t l i ng .  

I n e r t i a l  Impaction: F i l t e r e d  a i r  makes an abrupt change i n  

d i rec t i on  as i t  passes around each f i b e r  i n  the  f i l t e r .  Pa r t i c l es  o f  

s u f f i c i e n t  s i ze  c o l l i d e  w i t h  the f i b e r  because o f  t h e i r  i n e r t i a .  

This i s  the predominant means o f  c o l l e c t i o n  f o r  l a rge r  pa r t i c l es  (e.g. 

> 1.0 pm i n  diameter). Co l lec t ion  e f f i c i ency  by i n e r t i a l  inpact ion 

increases w i t h  p a r t i c l e  s i ze  and a i r  ve loc i ty .  

Intercept ion:  In te rcept ion  occurs when a p a r t i c l e  fo l laws a gas 

streamline tha t  i s  w i t h i n  one p a r t i c l e  radius o f  the f iber.  The 

p a r t i c l e  makes contact w i t h  the f i b e r  as i t  passes and i s  removed. 

In te rcept ion  i s  the only mechanism t h a t  does no t  depend on a i r  

ve loc i ty  and i s  an important removal mechanism i n  the p a r t i c l e  s ize  

range of minimum removal e f f i c iency .  Co l lec t ion  by in te rcept ion  i n -  

creases w i t h  increasing f i b e r  density. 

D i f fus ion :  Brcwnian motion o f  small p a r t i c l e s  resu l t s  from ran- 

dom c o l l i s i o n s  w i t h  the surrounding gas molecules. This motion i n -  

creases the p robab i l i t y  o f  a p a r t i c l e  h i t t i n g  a f i b e r  whi le t rave l ing  

past It on a nonintercepting streamline. O i f f us ion  i s  the only depo- 

s i t i o n  mechanism t h a t  increases w i t h  decreasing p a r t i c l e  s ize and i s  

the predominant c o l l e c t i o n  mechanism of very small p a r t i c l e s  (e.g., 

less than 0.01 urn i n  diameter). 
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Electrostatic Attraction: As a charged particle passes close t o  

a n  uncharged fiber i t  induces an equal and  opposite charge on the 

surface of the fiber and the resulting electrostat ic  force at t racts  

the particle toward the fiber. Similarly, when an uncharged particle 

approaches a charged fiber,  the electrostat ic  image forces developed 

aid in  the removal of the particle.  The dielectric constant of the 

fiber material has an important effect  on the development of image 

forces. Charged particles are also attracted t o  oppositely charged 

media by coulombic forces. These forces are much stronger than image 

forces and are the dominant collection force present in electrostatic 

f i  1 ters.  

Gravitational Settling: Gravitational set t l ing of particles in 

fibrous f i l t e r s  i s  an insignificant removal mechanism f o r  small parti-  

cles (e.9.. less  t h a n  1.0 pn in diameter). 

The mechanisms of impaction, interception and diffusion predomi- 

The 

betveen f i l t e r  efficiency and particle size are shown i n  

For particles less than U.01 

nate f o r  different conditions of particle size and a i r  velocity. 

relationship 

Figure 3.1 for a typical fibrous f i l t e r .  

pm i n  d iamter ,  diffusion i s  the dominant removal mechanism while 

interception and inertial  impaction dominate removal of particles 

greater then 1.0 pm i n  diameter. The overall f i l t e r  efficiency cal- 

culated from equations fo r  diffusion and impaction reveals t h a t  there 

i s  a m i n i m u m  efficiency a t  an intennediate particle size where the 
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p a r t i c l e  i s  t o o  l a r g e  f o r  d i f f u s i o n  t o  be e f f e c t i v e  and t o o  small  f o r  

i n t e r c e p t i o n  t o  be e f f e c t i v e .  Because these two mechanisms dominate 

i n  d i f f e r e n t  s i z e  ranges, f o r  a l l  f i l t e r s  the re  i s  a p a r t i c l e  s i z e  f o r  

which t h e  removal e f f i c i e n c y  i s  a minimum. Oepending on t h e  f i b e r  

size, f i b e r  densi ty ,  and a i r  f l o w  ra te ,  t h e  p a r t i c l e  diameter a t  which 

t h i s  minimum e f f i c i e n c y  occurs can range f rom 0.05 t o  0.5 pm (See Fig.  

3.1). 

2. Types o f  Mechanical F i l t e r s  

Yar ious types o f  f i b r o u s  media f i l t e r s  a re  commercial ly a v a i l a b l e  

f o r  c lean ing  v e n t i l a t i o n  a i r .  Three f a c t o r s  a re  impor tan t  f o r  

c h a r a c t e r i z i n g  t h e  performance of these f i l t e r s :  f i b e r  pack ing den- 

s i t y ,  average f i l t e r  diameter, and a i r  v e l o c i t y .  I nc reas ing  t h e  

f i b e r  dens i t y  increases f i l t e r  e f f i c i e n c y  a t  t h e  expense o f  an i n -  

Crease i n  a i r  f l o w  res is tance.  The a i r  f l o w  i n  f i b r o u s  f i l t e r s  i s  

u s u a l l y  l am ina r  and thus the  res i s tance  t o  a i r f l o w  i s  d i r e c t l y  propor- 

t i o n a l  t o  t h e  a i r s t ream v e l o c i t y .  

Panel F i l t e r s :  These f i l t e r s  have a l a w  packing densi ty  o f  

coarse glass, animal h a i r ,  vegetable, o r  s y n t h e t i c  f i b e r s .  The 

f i l t e r  f i b e r s  a re  Coated w i t h  a viscous substance, such as o i l ,  which 

a c t s  as an adhesive on impinging p a r t i c l e s .  The f i l t e r s  are 

cha rac te r i zed  by low pressure drop, l o w  cost ,  h igh  removal e f f i c i e n c y  

f o r  very l a r g e  p a r t i c l e s  such as l i n t ,  b u t  a n e g l i g i b l e  removal e f f i -  

-- 
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Figure 3.1 P a r t i c l e  r e m v a l  e f f i c i e n c y  as a funct ion o f  p a r t i c l e  
s i z e ' f o r  a t y p i c a l  f ib rous  f i l t e r .  (Adapted from Hinds, 1982) .  
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ciency f o r  p a r t i c l e s  smaller than 10 pm i n  diameter. 

r e s i d e n t t m  furnace f i l t e r  i s  an example o f  t h i s  type o f  

The common 

f i  1 te r .  

Extended Surface F i l t e r s :  Increased p a r t i c l e  col  ec t ion  e f f i -  

ciency can be achieved by decreasing the  f i b e r  s i ze  and ncreasing the 

f i b e r  packing density; however, these measures a lso  increase a i r  f l o w  

resistance. By extending the surface area o f  the f i l t e r  media, the 

f l o w  ve loc i ty  through the media i s  reduced, which, i n  turn, reduces 

the pressure drop across the f i l t e r .  One way o f  extending the  media 

surface area i s  t o  deploy the  media i n  a pleated o r  fo lded form. The 

nuch l a r g e r  r a t i o  o f  medium surface area t o  face area i n  these f i l t e r s  

al lows use o f  much denser and hence more e f f i c i e n t  f i l t e r  media wh i le  

maintaining acceptable pressure drops. Extended surface f i l t e r s  also 

o f f e r  much higher dust holding capacit ies. 

HEPA F i l t e r s :  High Ef f i c iency  Par t i cu la te  A i r  (HEPA) f i l t e r s ,  

are speci a1 types o f  extended surface f i l t e r s  characterized by t h e i r  

very high e f f i c i ency  i n  removing submicron pa r t i c l es .  I n i t i a l l y  de- 

veloped f o r  use i n  nuclear mater ia l  processing p lan ts  t o  control  

concentrat ions of f ine  airborne rad ioac t ive  par t i c les ,  a HEPA f i l t e r  

i s  defined as a disposable dry-type extended-surface f i l t e r  having a 

minimum p a r t i c l e  removal e f f i c i ency  o f  no less  than 99.97% f o r  0.3 pm 

pa r t i c l es  and a maximum resistance, when clean. o f  249 Pa (1.0 IWG) 

when operated a t  ra ted  a i r  f l o w  r a t e  ( I n s t i t u t e  o f  Environmental 

Sciences, 1968). The f i l t e r  core general ly consists o f  a continuous 

-- 
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web o f  f i l t e r  media f o l d e d  back and f o r t h  over  corrugated separators 

t h a t  add s t r e n g t h  t o  t h e  co re  and form t h e  a i r  passages between t h e  

p lea ts .  f i l t e r  media a r e  composed o f  very f i n e  submicron g lass 

f i b e r s  i n  a m a t r i x  o f  l a r g e r  diameter (1-4 pin) f i b e r s .  A number o f  

grades o f  h igh  e f f i c i e n c y  f i b r o u s  f i l t e r s  a re  a v a i l a b l e  w i t h  minimum 

e f f i c i e n c i e s  ranging from 95 t o  99.99% f o r  HEPA grade. 

HEPA 

3 .  Workins P r i n c i p l e s  of E l e c t r o s t a t i c  F i l t e r s  

Var ious e l e c t r o s t a t i c  f i l t r a t i o n  processes have been developed 

fo r  removing p a r t i c l e s  from a i r .  Whi le  removal as a r e s u l t  o f  

mechanical e f f e c t s  such as d i f f u s i o n  and i n e r t i a l  impact ion s t i l l  

occur t o  some degree, t h e  major  removal mechanism i s  e l e c t r o s t a t i c  

a t t r a c t i o n .  As  a c l a s s  these dev ices a r e  cha rac te r i zed  by a low 

pressure drop which i s  n e a r l y  independent o f  dus t  l o a d i n g  and by h igh  

removal e f f i c i e n c y  f o r  small  p a r t i c l e s .  Three t o p i c s  which a re  

impor tan t  f o r  understanding t h e  opera t i on  o f  e l e c t r o s t a t i c  f i l t e r s  

are: a i r  i o n i z a t i o n ,  p a r t i c l e  charg 

ve l  o c i  ty . 

- A i r  I o n i z a t i o n :  A convenient  meth 

ng, and p a r t i c l e  m i g r a t i o n  

d o f  c r e a t i n g  a l a r g e  source 

o f  i ons  f o r  p a r t i c l e  cha rg ing  i n  e l e c t r o s t a t i c  f i l t e r s  i s  t o  produce a 

corona discharge by supply ing a h i g h  v o l t a g e  t o  a t h i n  w i r e  o r  a 

sharp ly  p o i n t e d  e lect rode.  The h igh  vo l tage  c rea tes  an e l e c t r i c  
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f i e l d  t h a t  i s  s u f f i c i e n t l y  s t r o n g  near  t h e  su r face  o f  t h e  w i r e  t o  

i o n i z e  gas-molecules. I n  t h i s  region, c a l l e d  t h e  corona, f r e e  e lec-  

t r o n s  a r e  accelerated s u f f i c i e n t l y  t o  s t r i p  e lec t rons  from 

surrounding gas molecules, c r e a t i n g  p o s i t i v e  gas i ons  and a d d i t i o n a l  

e lect rons.  These a d d i t i o n a l  e l e c t r o n s  are, i n  turn,  acce le ra ted  and 

cause f u r t h e r  impact i o n i z a t i o n .  T h i s  cha in - reac t i on  process c a l l e d  a 

corona discharge, produces l a r g e  q u a n t i t i e s  o f  e lec t rons  and p o s i t i v e  

ions. t h e  e l e c t r o n s  w i l l  move r a p i d l y  

t o  t h e  e lec t rode  and t h e  p o s i t i v e  i o n s  be r e p e l l e d  f rom t h e  wire. I f  

t h e  e lec t rode  i s  negative, t h e  p o s i t i v e  i ons  w i l l  be a t t r a c t e d  t o  t h e  

e lec t rode  and t h e  e l e c t r o n s  w i l l  be repe l l ed .  These f r e e  e lec t rons  

then a t t a c h  t o  e l e c t r o n e g a t i v e  gases such as oxygen and water  vapor 

thereby producing nega t i ve  ions. Because o f  t h e  h igh  energies i n  t h e  

corona region, i t  i s  p o s s i b l e  f o r  some ozone, an a i r  contaminant, t o  

be produced from oxygen. Most e l e c t r o s t a t i c  p r e c i p i t a t o r s  designed 

f o r  c lean ing  i ndoor  a i r  use a p o s i t i v e  corona s ince  i t  produces much 

l e s s  ozone than a negat ive corona. 

I f  t h e  e lec t rode  i s  p o s i t i v e ,  

P a r t i c l e  Charging: Two mechanisms by which aerosol p a r t i c  

acqu i re  charge a r e  d i f f u s i o n  charg ing and f i e l d  charging. I n  

s ion  charg ing t h e  p a r t i c l e s  p i c k  up charges as a r e s u l t  o f  t h e  

c o l l i s i o n s  between t h e  ions and p a r t i c l e s .  F i e l d  charg ing 

from c o l l i s i o n s  o f  p a r t i c l e s  w i t h  the  r a p i d l y  moving i o n s  i n  a 

es can 

d i f f u -  

random 

esul t s  

s t rong  

e l e c t r i c  f i e l d .  The ions  move a long t h e  e l e c t r i c  f i e l d  l i n e s  and 

s t r i k e  p a r t i c l e s  which i n t e r s e c t  those l i n e s .  The charge acqui red i s  
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directly proportional t o  the particle diameter fo r  diffusion charging 

and t o  the particle diameter squared f o r  f ie ld  charging. Field 

charging i s  usually the dominant charging mechanism for particles 

larger than 1..0 pm while diffusion charging usually dominates f o r  

particles smaller t h a n  0.1 vm i n  diameter. 

Particle Migration Velocity: The motion of a particle in an 

e lec t r ic  f ie ld  i s  governed primarily by electrostat ic  and aerodynamic 

forces. The t en ina l  velocity of a particle due t o  these forces i s  

called the mig ra t ion  Velocity and i s  analogous to  the set t l ing 

velocity of a particle fa l l ing in a gravitational f ield.  Migration 

velocity i s  directly proportional t o  the charge on the particle and 

the strength of the electr ic  field.  plot 

of theoretical migration velocity as a function of a particle 

diameter. As can be seen from this  figure, for a given charging 

condition a minimum migration velocity occurs a t  an intermediate 

particle size.  The increase in migration velocity as particle 

diameter decreases below U . l  I m  i s  largely a result  of the decreased 

aerodynamic d rag  force (i .e. ,  sl ip).  experienced by these particles. 

The particle collection in e lectrostat ic  f i l t e r s  i s  determined 

primarily by the particle migration velocity, collection surface area, 

and a i r  flow rate.  

Figure 3.2 shows a typical 
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Figure 3 . 2  P a r t i c l e  migrat ion v e l o c i t y  as a function o f  p a r t i c l e  
s i z e  f o r  a t y p i c a l  s e t  of charging and e l e c t r i c  f i e l d  condit ions.  
(Adapted from Stern,  1977).  
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4. Types of Electrostatic Fi l ters  

Three types of electrostatic f i l t e r s  fo r  removing airborne parti- 

cles are described below. 

Ionizing-Flat Plate Precipitators: This type of f l l t e r  i s  often 

referred t o  as  an electrostat ic  precipitator. Most residentjal elec- 

t rostat ic  precipitators are two-stage precipitators, that  i s ,  they 

have a separate ionization stage preceding the precipitation s ta te  

( s e e  Fig. 3.3). Airborne particles are f i r s t  charged by Ions produced 

w i t h  an e lectr ic  corona and then collected as they pass between a 

series of a1 ternately charged and grounded collection plates. 

The basic performance of electrostatic precipitators i s  described 

by the Deutsch-Anderson equation, 

E = l - e x p  [F] (3.1) 

where: E = collection efficiency of  particles w i t h  a migra- 

t i o n  velocity V m ,  

A = area of the collection, and 

Q = airstream flow rate. 

This equa t ion  i s  based on assunptions of a uniform particle distribu- 

t i o n  throughout the cross section, fully charged particles entering 
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the collector, and no reentrainment of collected particles. From th is  

equation, i t  i s  apparent tha t  efficiency can be increased by 

increasing the collector area, A ,  or decreasing the airstream flow 

rate, 0. Similarly, increasing the particle migration velocity, Vm, 

by increasing the charge on the particle or the f ie ld  strength will 

increase collection efficiency. As seen i n  Figure 3.2, there exists a 

particle size for  a given charging condition that  results in a minimum 

migration velocity. Precipitators designed t o  capture t h i s  s ize 

particle with 1009, efficiency will be 100% eff ic ient  fo r  a l l  particle 

sizes. 

Charged-Media Fil ters:  The charged-medi a a i r  cleaner combines 

certain characteristics of both mechanical and e lectrostat ic  f i l t e rs .  

These devices augment the normal mechanical removal mechanisms 

attributed t o  fibrous f i l t e r s  by charging the fibers. Airborne 

particles passing close t o  the charged fibers are polarized and  drawn 

t o  the fibers. Charged media f i l t e r s  which use a h i g h  voltage power 

supply normally use a f i l t e r  medium constructed from a dielectric 

material such as glass or cellulose fibers. A gridworlc of alternately 

grounded and charged members i s  i n  contact w i t h  the media, t h u s  

creating an  intense and nonuniform electrostat ic  field.  

A new f i l t e r  media that i s  g a i n i n g  popularity among manufacturers 

of a i r  cleaning equipment employs a special fibrous material which i s  

imbedded w i t h  permanent electrostatic charges called "electrets". 
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Simi la r  t o  the  ex terna l l y  charged media, e l e c t r e t  media o f fe rs  in -  

creased p a r t i c u l a t e  removal e f f i c i ency  as a r e s u l t  o f  the e lec t ro -  

s t a t i c  forces imposed on the  par t i cu la tes ,  bu t  no high voltage power 

supply i s  required f o r  e l e c t r e t  media. Tests performed w i th  charged 

f i l t e r  media have demonstrated high pa r t i cu la te  removal e f f f c ienc ies  

w i th  r e l a t i v e l y  low pressure drops, hwever, there i s  some controversy 

regarding t h e i r  performance a f t e r  they have been loaded w i t h  

pa r t i c l es .  

Charged media f i l t e r  devices may also incorporate an i on i za t i on  

stage so t h a t  p a r t i c l e s  are f i rst  charged i n  a corona-discharge 

ionizer,  then co l lec ted  on a charged media f i l t e r  mat. This 

conf igura t ion  provides higher e f f i c i enc ies  than w w l d  be possible i f  

the charged media was used w i thout  a preceding i on i za t i on  stage. 

Ion-Generators: While not a f i l t e r  i n  the same sense as other 

a i r  cleaners, ion izers  remove p a r t i c l e s  by charging them, a f t e r  which 

they are a t t rac ted  t o  surfaces a t  or near ground po ten t ia l ,  such as 

walls, tab le  tops, draperies, occupants, etc. I n  some cases, an 

oppositely charged c o l l e c t i o n  surface i s  integrated as pa r t  o f  the 

device, which, i n  p r i nc ip le ,  reduces the problem o f  s o i l i n g  o f  sur- 

faces. 
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5 .  Performance Testing of Particulate Air Cleaners 

Three operating characteristics which are important for the 

selection of particulate a i r  cleaners are the following: 1) particu- 

la te  collection efficiency 2 )  a i r  flow resistance and 3 )  dust-holding 

capaci ty . 

The American Society of Heating, Refrigeration and Air 

Conditioning Engi neers (ASHRAE) has recomnended several standard t e s t s  

fo r  evaluating f i l t e r  performance (ASHRAE, 1976): 

Weight Arrestance Test: A standard, relatively coarse, synthetic 

tes t  dust i s  suspended in a i r  and blown a t  a controlled rate  t h r o u g h  

the t e s t  f i l t e r .  The entering concentration i s  determined from mea- 

sured a i r  flow rate  and the weight of the d u s t  fed. The concentration 

of the dust in the a i r  leaving the f i l t e r  i s  determined by passing the 

ent i re  airflow through a h i g h  efficiency af te r - f i l t e r  and measuring 

the g a i n  in f i l t e r  weight. The arrestance, A ,  i s  determined as: 

A = 100 [ l-(weight gain of after-filter/weight of dust fed) ] ( 3 . 2 )  

Because the dust used i n  th is  t e s t  i s  relatively coarse (mass median 

diameter 5-10 pm) th is  t e s t  primarily determines the abil i ty of a 

f i l t e r  t o  remove large dust particles (e.g., ’ 10 pm) and gives 

l i t t l e  information of the f i l t e r  performance i n  removing the small 
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respirable s ize  particulates (e.g., 1.0 pm) which constitute a 

significant mass fraction of indoor suspended particulates. 

Uust Spot Efficiency Test: I n  th i s  procedure, ambient a i r  i s  

blown a t  a controlled rate through the t e s t  f i l t e r .  The naturally 

occurring particulate matter i n  the ambient a i r ,  atmospheric dust, 

serves as the t e s t  aerosol. Samples are drawn upstream and downstream 

of the f i l t e r  being tested a t  equal flow rates through identical glass 

fiber sample f i l t e r s .  The downstream t e s t  a i r  i s  sampled continuously 

while the upstream t e s t  a i r  i s  sampled intermittently. The amount of 

upstream a i r  sampled i s  adjusted so  that  there i s  equal discoloration 

of both sample f i l t e r s  as determined by an opacity meter. The dus t -  

spot efficiency, E ,  i s  determined as: 

- 

s ( 3 . 3 )  1 volume of upstream a i r  sampled 

volume of downstream a i r  sampled 
E = 100 [1- 

While this  t e s t  gives more information than the we 

regarding the f i l t e r  performance i n  removing small 

g h t  arrestance tes t  

particles, neither 

of the current ASHRAE f i l t e r  efficiency tes t s  provide quantitative 

data regarding f i l t e r  efficiency as a function of particle s i re .  

- DOP Penetration Test: This i s  a t e s t  developed by the United 

1956) fo r  h i g h  efficiency f i l t e r s  of the type 

In this  method, a smoke 

States Mi l i ta ry  (U.S., 

used i n  clean room and nuclear applicatfons. 
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cloud of essentially uniform size droplets of OOP (di-octyl phthalate) 

i s  produced by condensatfon from DOP vapor. The particle diameter i s  

controlled t o  be 0.5 pm and the cloud COflCentratiOn i s  80 mg/m’. This 

smoke cloud i s  passed th rough  the f i l t e r  a t  a controlled flow rate  and 

the concentration i s  measured upstream and downstream of the f i l t e r  by 

a simple l i g h t  scattering photometer. The f i l t e r  penetration, P ,  i s  

calculated as: 

ownstream c Upstream concentration 
P = 100 (3 .4 )  

Fractional Efficiency Tests: No standardized t e s t s  have been 

established for  determining the efficiency of a i r  cleaners as a func- 

tion of particle size. Some fractional efficiency evaluations have 

been conducted in laboratories using optical particle counters. 

Single-particle optical particle counters have recently found wide- 

spread use i n  clean room monitoring, pollution research, and labora- 

tory aerosol studies because of their  abil i ty t o  rapidly measure b o t h  

the concentration and size distributions of particles suspended in 

a i r .  A beam of l ight  inside the i n s t r u m e n t  i s  focussed onto a v iewing  

volume th rough  w h i c h  airborne particles pass one a t  a time. The 

amount of l ight  scattered from each particle i s  measured by a 

photosensitive detector and used t o  calculate the particle Size. 

Fractional efficiency tes t s  of f i l t e r s  are typically conducted by 

passing a t e s t  aerosol of known optical and physical characteristics 
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through the  f i l t e r  and measuring t h e  s i z e  d i s t r i b u t i o n  o f  p a r t i c l e s  

upstream and downstream o f  t he  f i l t e r .  E f f i c i e n c y  i s  c a l c u l a t e d  f o r  

each s i z e  range o f  p a r t i c l e s  as: 

% (3.5) 1 downstream concen t ra t i on  o f  s i z e  range i 

upstream concen t ra t i on  o f  s i z e  range i 

Laser-based o p t i c a l  p a r t i c l e  counters  can t y p i c a l l y  separate p a r t i c l e s  

i n  t h e  0.10 t o  10.0 pm s i z e  range i n t o  20 o r  more s i z e  categories. By 

cha l l eng ing  a f i l t e r  w i t h  a po l yd i spe rse  aerosol, f i l t e r  e f f i c i e n c y  

can be determined f o r  a l a r g e  number o f  p a r t i c l e  s i zes  i n  one test .  

Recent developments i n  t h e  design o f  o p t i c a l  p a r t i c l e  counters has 

i m p r o v e d  t h e i r  r e l i a b i l i t y  and a v a i l a b i l i t y  so t h a t  t h i s  t y p e  o f  

measurement may soon be adopted as a standard t e s t  protocol .  

- Dust Ho ld ing  Capacity Test: A s tandard s y n t h e t i c  t e s t  dust  i s  

suspended i n  a i r  and c o n t i n u o u s l y  f e d  t o  t h e  f i l t e r .  The t e s t  i s  

no rma l l y  t e rm ina ted  when t h e  pressure drop across the  f i l t e r  exceeds 

t h e  maximum value s e t  by the  manufacturer  o r  when the  p a r t i c l e  removal 

e f f i c i e n c y  d rops  b e l o w  85% o f  t h e  i n i t i a l  e f f i c i e n c y .  The d u s t  

h o l d i n g  capac i t y  i s  c a l c u l a t e d  as the  d i f f e r e n c e  i n  the  f i l t e r  we igh t  

measured be fo re  and a f t e r  t he  test .  

-- A i r  F low Resistance Test: The f i l t e r  i s  i n s t a l l e d  i n  a standard 

0.6 x 0.6 m [2  f t  x 2 f t )  t e s t  duct  and measurements o f  the pressure 
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drop across t h e  f i l t e r  are made a t  a number of a i r  flow rates. 

these data a curve of a i r  flow rate  versus resistance ( i .e . ,  

d rop)  can be generated. 

From 

pressure 

6.  Energy, Maintenance, and Cost Considerations 

M significant advantage of removing particles from a i r  by f f l t ra -  

tion rather than ventilation i s  that  increased heating and a i r  condi- 

tioning loads are avoided. Some additional fan energy i s ,  however, 

required t o  overcome the resistance t o  a i r  flow through the f i l t e r .  

The principle mai ntenance requirement i s  t o  periodical ly rep1 ace the 

f i l t e r  media or clean the precipitator collection plates. The re- 

placement/cleaning frequency i s  a function of the indoor particle 

concentration, a i r  flow rate,  and the f i l t e r  d u s t  holding capacity. 

An important consideration regarding tobacco smoke i s  the volati l i ty 

of the removed particles. Tobacco smoke particles are l i q u i d  drops 

containing many odorous and volati le substances which continue t o  o f f -  

gas long a f te r  they have been collected. Thus, f i l t e r s  often require 

more frequent replacement or cleaning, as judged by odor em ssions, 

when being used t o  control tobacco smoke particles. F o r  th i s  reason 

electrostatic precipitators are often recommended for  tobacco smoke 

applications since they can be easily washed, in contrast t o  high 

efficiency fibrous f i l t e r s  which must be replaced. 
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D. Cont ro l  o f  Gas Phase Contaminants 

1. Adsorpt ion 

The p r i n c i p l e s  o f  adsorpt ion a r e  reviewed i n  a number o f  t ex ts ;  

t h e  m a t e r i a l  presented below i s  based p r i m a r i l y  on t h e  chapter on 

adsorp t i on  by Turk i n  t h e  t e x t  by S t e r n  (1977) and on the  t e x t  by 

Treybal  (1980). The processes of phys i ca l  adsorpt ion and 

chemisorpt ion a re  descr ibed below fo l l owed  by b r i e f  d iscuss ions o f  

adsorbents, adsorbent impregnations, adsorbent performance data, and 

equipment used f o r  adsorption. 

Phys ica l  Adsorption: Gases and l i q u i d s  w i l l  adhere on t h e  sur-  

face o f  any s o l i d  b u t  t h e  amount o f  m a t e r i a l  t h a t  i s  r e t a i n e d  i s  

h i g h l y  va r iab le .  The process o f  adherence i s  c a l l e d  adsorption, t h e  

s o l i d  i s  t he  adsorbent, and t h e  m a t e r i a l  adsorbed on t h e  s o l i d  i s  t h e  

adsorbate. Phys i ca l  adso rp t i on  i s  due t o  f o r c e s  o f  a t t r a c t i o n  between 

molecules o f  the adsorbed m a t e r i a l  and molecules o f  t he  adsorbent. 

The adsorbed molecules do n o t  d i s s o l v e  i n  t h e  s o l i d  b u t  i ns tead  remain 

on i t s  sur face.  t h e  amount o f  

heat  re leased w i t h  the  adso rp t i on  o f  a gas i s  comparable t o  t h e  heat  

o f  s u b l i m a t i o n  o f  t he  gas. Adsorbed gases may condense on t h e  sur face 

o f  t h e  s o l i d .  The q u a n t i t y  o f  m a t e r i a l  t h a t  can be p h y s i c a l l y  

adsorbed i s  a f u n c t i o n  o f  severa f a c t o r s  i n c l u d i n g :  t h e  sur face area 

and p o l a r i t y  of  t he  adsorbent, t h e  volume and s i z e  o f  pores i n  the  

The adso rp t i on  process i s  exothermic; 
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adsorbent, the molecular weight, size, shape, and p o l a r i t y  o f  the 

molecules i n  the gas o r  l i q u i d  t h a t  surrounds the adsorbent and the 

concentrat ion o f  other molecules t h a t  may be compet i t ively adsorbed. 

The adsorbent w i l l  eventual ly become saturated w i t h  adsorbate a f t e r  

which no ne t  removal o f  adsorbate molecules occurs from the 

surrounding gas o r  l i qu id .  Desorption o f  adsorbate can occur i f  the 

concentrat ion o f  these molecules surrounding the  adsorbent i s  de- 

creased, the adsorbent temperature i s  increased, o r  sane other 

mater ia l  i s  introduced t h a t  i s  p r e f e r e n t i a l l y  adsorbed. 

Chemisorption: Chemisorption occurs when molecules become 

chemically bonded t o  the surface o f  the adsorbent. I t  i s  o f ten  an 

i r r e v e r s i b l e  process. The moun t  o f  heat released during 

chemisorption i s  comparable t o  the  heat o f  chemical reaction. The 

r a t e  o f  chemisorption may increase w i t h  temperature, un l i ke  t h a t  o f  

physical adsorption. Chemisorption i s  also general ly a more se lec t ive  

Process than physical adsorption (e.g., only molecules w i th  selected 

chemical p roper t ies  are chemisorbed). 

Adsorbents: Adsorbents t h a t  are used commercially have a very 

la rge  surface area per u n i t  mass due t o  the presence o f  microscopic 

pores -- f o r  example, the surface area o f  a t yp i ca l  ac t i va ted  carbon 

may be 1000 m /gm. Pore diameters may be as small as a few angstroms. 

Adsorbents are general ly used i n  a granular o r  powdered form. 

2 
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The most commonly used adsorbents for a i r  cleaning applications 

are activated carbons (also called activated charcoals) which are 

produced by carbonization of coconut shells,  wood, coal, and a variety 

of other materials. Activation, which i s  a partial oxidation of the 

carbon. i s  accomplished by treatment with steam o r  hot a i r .  Activated 

carbons are nonpolar and will preferentially adsorb nonpolar mole- 

cules, particularly those of high molecular weight. They remain 

effective i n  removing nonpolar pollutants from humid a i r  because the 

polar water molecules a t t rac t  each other, although the effectiveness 

of activated carbons may decrease somewhat i f  the relative humidity of 

the surrounding a i r  i s  h igh  ( i - e . ,  greater t h a n  S U f L ) .  Activated 

carbons a r e  n o t  highly selective, therefore, they have a variety of 

applications including removal of odors, a broad spectrum of organics, 

and solvents from air .  They can be regenerated by heating t o  drive 

off  the adsorbed material. 

Other materials used for  adsorption of gases include s i l ica  gels, 

activated a1 umina,  and molecular sieves. These adsorbents are polar 

and ,  thus, preferentially adsorb polar molecules. Their usefulness 

f o r  removing pollutants from moist a i r  i s  restricted because of their 

affinity for polar water vapor molecules. (Adsorbents t h a t  are 

particularly useful f o r  adsorbing water vapor are called desiccants.. ) 

A unique feature of molecular Sieve adsorbents i s  that  the size of the 

pores can be controlled. This feature may be advantageous -- f o r  

exarrple, a molecular sieve w i t h  small pores may be chosen t o  exc ude 
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adsorption of large molecules. Molecular sieves are available w i t h  

pores of various diameters between 3 and 10 angstroms. 

Adsorbent Impregnations: Adsorbents can be impregnated with a 

variety of  substances t o  improve their  performance in removal o f  

certain materials (e-g. ,  pollutants . The impregnant may react chemi- 

cally w i t h  the pollutant t o  produce a product that  i s  less harmful o r  

more readily adsorbed. Alternat-ly, the impregnant may act as a 

catalyst  for oxidation or decomposition processes that occur con- 

tinuously during operation or periodically upon application of heat. 

One o f  the most CmmOn impregnants i s  potassium permanganate which 

oxidizes a variety of gases including formaldehyde and i s  often used 

t o  impregnate activated alumina. Other impregnants include bromine, 

phosphoric acid, sodium su l f i te ,  sodium carbonate or bicarbonate, and 

a variety o f  metal oxides. 

Adsorption Performance Data: Much o f  the available experimental 

data on the physical adsorption of gases are equilibrium d a t a  t h a t  

indicate the capacity of an adsorbent for a particular gas. These 

d a t a  indicate, for a particular temperature, the concentration of 

adsorbate ( i . e . ,  mass adsorbate/mass adsorbent) t h a t  i s  i n  equilibrium 

w i t h  a specified partial pressure of the surrounding gaseous molecules 

of adsorbate. The equilibrium concentration of adsorbate i s  sometimes 

called the activity.  I n  som cases, data are available on the 

simultaneous equilibrium bebeen the adsorbent and two or more gases. 
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For a i r  cleaning applications, the adsorbent must be replaced or 

regenerated before equili br ium i s  reached, because the efficiency a t  

which the adsorbent removes adsorbate (e. g., pollutant) mOleCUleS from 

the airstream will decrease as equilibrium i s  approached. Also, the 

concentration of adsorbate molecules a t  the in le t  of the adsorbent bed 

may vary over time and i t  i s  desirable t o  avo id  desorption of the 

adsorbate during periods w i t h  a low in le t  concentration. A more 

practical measure of the adsorbents capacity i s ,  therefore, the 

"retentivity". There appears to  be no uniformly accepted definition 

f o r  retentivity, b u t  i t  i s  an indicator of the maximum concentration 

of adsorbate that i s  strongly held by the adsorbent. For example, one 

t e s t  f o r  retentivity iS to saturate an adsorbent, then pass dry, 

adsorbate-free a i r  t h r o u g h  the adsorbent  for six hours, and t o  deter- 

mine the concentration of adsorbate retained af ter  the s ix  hours have 

elapsed (Strauss, 1975). 

St i l l  other measures o f  an adsorbent's capacity may be given. A 

common t e s t  i s  t o  pass an airstream w i t h  a specific temperature, 

humidity, flow rate,  and concentration of adsorbate molecules through 

a bed of adsorbent granules and t o  determine the amount of adsorbate 

retained prior t o  breakthrough (i .e. ,  detection of adsorbate molecules 

i n  the a i r  downstream o f  the adsorbent). Alternately, the capacity i s  

expressed by the amount of adsorbate retained before the removal 

efficiency of the bed has fallen below a prescribed value. These l a s t  

two measures of capacity are dependent on characteristics of the 
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airstream and the adsorbent bed. 

I n  add i t i on  t o  the data on adsorbent capacity as noted above, 

informat ion may be ava i lab le  on the p o l l u t a n t  removal e f f i c i ency  and 

resistance t o  a i r f l o w  f o r  a p a r t i c u l a r  bed o f  adsorbent; these data 

w i l l  a l so  be dependent on airstream charac ter is t i cs .  

Performance data f o r  chemisorbents are i n  many cases s i m i l a r  t o  

those f o r  physical adsorbents, a1 though, u n l i k e  physical adsorbents, 

the capacity o f  a chemisorbent may be r e l a t i v e l y  independent o f  the 

surrounding concentrat ion o f  the adsorbed gas. I n  some instances, 

however, only q u a l i t a t i v e  ind ica tors  o f  performance may be ava i lab le  

(e.g., rapid, s low,  o r  no react ion).  

A major l i m i t a t i o n  o f  ava i lab le  data on adsorbent performance s 

i t s  spec i f i c i t y .  I f  a la rge  and p o t e n t i a l l y  unknown number o f  gas-s 

are avai lable f o r  adsorption, as i s  o f ten  the case when the applica- 

t i o n  i s  the cleaning o f  indoor a i r ,  the ava i lab le  equ i l ib r ium and 

r e t e n t i v i t y  data may be inadequate f o r  performance character izat ion.  

Adsorption Equipment f o r  A i r  CleanJnp: A var ie ty  o f  techniques 

can be employed t o  promote contact between the adsorbent and an a i r -  

stream containing pol lutants.  For a high p o l l u t a n t  removal e f f i c i e n -  

cy, the residence time f o r  p o l l u t a n t  molecules i n  the adsorbent bed 

must  be s u f f i c i e n t l y  long t o  assure a high p robab i l i t y  o f  contact w i t h  
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t h e  adsorbent. (The a i r s t r e a m  f l o w s  through t h e  bed o f  granulated 

adsorbent and p o l l u t a n t  molecules a re  t ranspor ted  t o  t h e  su r face  o f  

t h e  adsorbent by d i f f u s i o n . )  Other  requirements o f  t he  con tac t  system 

i n c l u d e  t h e  f o l l o w i n g :  an acceptable res i s tance  t o  a i r f l o w ,  a f a i r l y  

un i fo rm v e l o c i t y  d i s t r i b u t i o n  through t h e  adsorbent bed, a p r e f i l t e r  

which i s  sometimes adv isable t o  remove p a r t i c l e s ,  and a p r o v i s i o n  f o r  

regenerat ing o r  r e p l a c i n g  t h e  adsorbent. For  a i r  c lean ing  appl ica-  

t i ons ,  a canmon technique i s  t o  pass t h e  a i r  through a s t a t i o n a r y  bed 

o f  granulated adsorbent and t o  p e r f  odi c a l  l y  rep1 ace t h e  bed w i t h  f r e s h  

or  regenerated adsorbent. Beds may be up t o  a few cent imeters t h i c k  

(much t h i c k e r  beds a re  sometimes used i n d u s t r i a l l y )  and a re  a v a i l a b l e  

i n  a v a r i e t y  o f  shapes (e.g., f l a t ,  pleated, etc.).  I n d u s t r i a l  adsor- 

ben t  systems may c o n t a i n  moving beds o f  adsorbent, f l u i d i z e d  beds, and 

p rov i s ions  f o r  cont inuous regenerat ion.  

Energy. Maintenance, and Cost Considerations: A s i g n i f i c a n t  

advantage of adso rp t i on  a i r  c leaning,  when compared t o  v e n t i l a t i o n ,  i s  

t h a t  hea t ing  or a i r  c o n d i t i o n i n g  loads and t h e  associated energy 

demands a re  n o t  increased s u b s t a n t i a l l y  when adso rp t i on  i s  employed. 

Some a d d i t i o n a l  f a n  energy i s ,  however, r e q u i r e d  t o  overcane the  

res i s tance  t o  a i r  f l o w  through t h e  adsorbent bed and any associated 

p r e f i l t e r .  The p r i n c i p l e  maintenance requirement i s  t o  p e r i o d i c a l l y  

rep lace  o r  regenerate t h e  adsorbent. Wi thout  ac tua l  measurements o f  

i n l e t  and o u t l e t  p o l l u t a n t  concentrat ions,  t h e  determi n a t i o n  o f  when 

t o  rep lace  t h e  adsorbent i s  d i f f i c u l t .  The pr imary c o s t  o f  adsorpt ion 
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a i r  c leaning i s  the c o s t  of the adsorbent  and i t s  p e r i o d i c  replacement 

o r  regenerat ion.  

2 .  Absorption 

Absorption i s  another  a i r  c leaning  process  that  i s  used pr imari ly  

f o r  gaseous contaminants. In an adsorpt ion process ,  a l s o  r e f e r r e d  t o  

a s  "gas scrubbing" o r  "air  washing", an a i r s t ream contaminated w i t h  a 

gaseous p o l l u t a n t  i s  brought i n t o  c o n t a c t  with a washing l i q u i d  and 

the p o l l u t a n t  i s  d i sso lved  i n t o  the so lu t ion .  Typica l ly ,  the con- 

taminated a i r  i s  passed through a l i q u i d  spray o r  over the wetted 

sur faces  of  a media. T h e  p o l l u t a n t  i s  absorbed from the a i r  only i f  

i t  i s  so luble  i n  the l i q u i d  and a dr iv ing  f o r c e  e x i s t s  f o r  t r a n s f e r  of 

the p o l l u t a n t  from the a i r  t o  the l i q u i d .  To prevent  s a t u r a t i o n  of 

the washing l i q u i d  with the p o l l u t a n t  and, t h u s ,  t o  maintain a dr iv ing  

force  f o r  p o l l u t a n t  t r a n s f e r ,  the washing l i q u i d  must be p e r i o d i c a l l y  

o r  cont inuously replaced o r  regenerated.  In addi t ion  t o  gaseous 

p o l l u t a n t  removal, some a i r  washers may be designed t o  remove p a r t i -  

c l e s  by physical means. 

The washing l i q u i d  t o  be employed f o r  a i r  washing depends on the 

gaseous p o l l u t a n t  t o  be removed. Water i s  conmionly used, sometimes 

w i t h  a d d i t i v e s ,  although o t h e r  l i q u i d s  may be more s u i t a b l e  f o r  many 

pol lu tan ts .  A primary c r i t e r i o n  f o r  choosing a washing l i q u i d  i s  the 

s o l u b i l i t y  o f  the gas  i n  t h e  l i q u i d .  T h e  p o l l u t a n t  s o l u b i l i t y  should 
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be high. L i q u i d s  which r e a c t  w i th  t h e  p o l l u t a n t ,  such t h a t  they 

e f f e c t i v e l y  have very h igh  c a p a c i t i e s  f o r  absorbed p o l l u t a n t s ,  may be 

p a r t i c u l a r l y  use fu l  washing l i q u i d s .  A i r  washing i s  n o t  l i k e l y  t o  be 

e f f e c t i v e  f o r  some i ndoor  p o l l u t a n t s  (e.g., radon) because o f  t h e i r  

i n s o l u b i l i t y  i n  p r a c t i c a l  washing l i q u i d s .  

A i r  washing i s  f r e q u e n t l y  employed f o r  removing p o l l u t a n t s  from 

i n d u s t r i a l  waste-gas streams and, consequently, equipment i s  commer- 

c i a l l y  ava i l ab le .  A v a i l a b l e  equipment i nc ludes  sma l le r  a i r  washing 

devices designed f o r  a i r  f l a w  r a t e s  approp r ia te  f o r  r e s i d e n t i a l  use. 

Equipment s i m i l a r  t o  a i r  washing equipment i s  sometimes a l so  used f o r  

evaporat ive a i r  c o o l i n g  or humid i t y  c o n t r o l  i n  comnercial bu i l d ings .  

It i s  n o t  known how s u i t a b l e  any o f  these commercial ly a v a i l a b l e  

devices would be f o r  r e s i d e n t i a l  use; many o f  these devices a re  n o t  

designed t o  p reven t  h u m i d i f i c a t i o n  of t h e  cleansed a i r .  

The p o l l u t a n t  removal e f f i c i e n c y  o f  an a i r  washer i s  commonly 

de f i ned  as  t h e  f r a c t i o n  o f  t h e  incoming p o l l u t a n t  t h a t  i s  removed from 

the  contaminated a i rs t ream. T h i s  e f f i c i e n c y  i s  determined by a number 

o f  f a c t o r s  i n c l u d i n g :  t h e  sur face area f o r  mass t r a n s f e r ,  t h e  f l o w  

r a t e s  and d i r e c t i o n s  o f  a i r  and washing l i q u i d ,  t h e  convect ive mass 

t r a n s f e r  c o e f f i c i e n t s  (which a re  a f u n c t i o n  o f  geometry and f l o w  

r a t e s ) ,  and t h e  d r i v i n g  f o r c e  (i.e., concen t ra t i on  d i f f e r e n c e )  f o r  

t r a n s f e r  o f  t he  p o l l u t a n t  from t h e  a i r  t o  t h e  l i q u i d  r e l a t i v e  t o  the  

maximum p o t e n t i a l  d r i v i n g  f o r c e  f o r  t h i s  p o l l u t a n t  t r a n s f e r .  The 
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d r i v ing  fo rce  f o r  mass t rans fe r  w i l l  depend on the concentrat ion o f  

the pol u tan t  i n  the a i r  and i n  the washing l i q u i d  and on the re- 

l a t i onsh  p between these concentrat ions a t  equi l ibr ium. The maximum 

poten t ia l  d r i v i n g  force f o r  p o l l u t a n t  t rans fe r  occurs when there i s  no 

p o l l u t a n t  dissolved i n  the  l i q u i d .  As was mentioned previously,  

replacement or regeneration o f  the washing l i q u i d  i s  necessary t o  

maintain a d r i v i n g  force f o r  p o l l u t a n t  removal. The t o t a l  r a t e  o f  

po l l u tan t  removal from an indoor space w i l l  depend, as f o r  a l l  a i r  

cleaners, not  only on the p o l l u t a n t  removal e f f i c i ency ,  bu t  also on 

the a i r  f l o w  r a t e  through the a i r  cleaning device. 

The power requirement o f  an a i r  washer w i l l  be determined by the 

power requirements o f  the i nd i v idua l  components. A fan i s  needed t o  

force a i r  through the a i r  washer. C i r cu la t i on  o f  the washing l i q u i d  

through the a i r  a lso  requires power, usual ly a l i q u i d  pump i s  em- 

ployed. The washing l i q u i d  replacement or regeneration process w i l l  

a lso cont r ibu te  t o  the  t o t a l  power demand. Add i t iona l l y ,  i f  water i s  

employed as the washing l i q u i d ,  a r e f r i g e r a t i o n  system i s  needed t o  

reduce o r  prevent evaporation o f  the water which would r e s u l t  i n  

humid i f i ca t ion  o f  the indoor a i r .  Because o f  the r e l a t i v e  complexity 

o f  a i r  washing equipment, the maintenance requirements f o r  an a i r  

washer may be substant ia l  compared t o  the requirements associated w i t h  

many other indoor a i  r qua l i t y  con t ro l  techniques. 
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The capital costs of a i r  washing equipment as well as the 

maintenance costs will probably be significant because of the 

complexity of the required equipment. The costs for the energy 

consumed by a i r  washers may also be considerable, however, the energy 

consumed can be rejected indoors d u r i n g  the winter t o  reduce the 

building's heating load. An a i r  washer can also be configured so that  

i t  acts as an a i r  conditioner during the sumner. Thus, i n  cases where 

a large fraction of the energy consumed by the a i r  washer provides 

usable heat and/or cooling, the net increase i n  energy consumption due 

t o  a i r  washer operation can be small. 

3. Air Circulation 

A technique t o  reduce the indoor concentrations of some pollu- 

tants i s  t o  increase the rate o f  movement or circulation of indoor 

a i r .  Increased a i r  movement will f ac i l i t a t e  the removal o f  some 

pollutants by reaction w i t h  or  attachment t o  indoor surfaces because 

i t  increases the rate a t  which these pollutants are transported t o  the 

surf aces. 

It i s  known t h a t  both particles and radon progeny will attach t o  

surfaces. I n  a d d i t i o n ,  significant removal o f  nitrogen d 

t o  a lesser extent, formaldehyde, has been attributed t o  

t h a t  occur w i t h  or on  indoor surfaces. L i t t l e  i s  known 

rates o f  pollutant removal by these processes o r  about  deta 

oxide and, 

reactions 

abou t  the 

1s of the 
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processes (i.e., the forces o f  attachment or the reactions tha t  

occur). I t  i s  possible t h a t  some gases phys ica l l y  adsorb t o  indoor 

surfaces a t  a s i g n i f i c a n t  r a t e  bu t  t h a t  these gases l a t e r  desorb f rom 

the surfaces a t  a t i m e  when the indoor concentrat ion i s  reduced. 

I n  cases where a i r  c i r c u l a t i o n  i s . e f f e c t i v e  i n  reducing the 

indoor concentration, i t  could be a cos t -e f fec t i ve  measure because o f  

the l o w  costs involved. Also, i f  the removal processes were be t te r  

understood, i t  might be possible t o  combine a i r  c i r c u l a t i o n  w i t h  the 

choice o f  spec i f i c  surfaces o r  surface coatings. A t  the present time, 

however, la rge  decreases i n  indoor p o l l u t a n t  concentrations. due t o  a i r  

c i r c u l a t i o n  have no t  been demonstrated. An exception i s  the substan- 

t i a l  reduct ion i n  radon daughter concentrat ions w i t h  increased a i r  

c i r c u l a t i o n  tha t  can occur under some condit ions, as described i n  the 

next section. 

E. Removal o f  Radon Progeny by A i r  Cleaning 

1. In t roduc t ion  

The radon decay products, u n l i k e  t h e i r  i n e r t  radon parent, are 

chemically ac t i ve  and can at tach t o  surfaces, such as airborne p a r t i -  

cles, room surfaces, and lung t issue. Not a l l  o f  the progeny are 

attached t o  surfaces, and based on dosimetric modeling (reviewed i n  

James e t  a l . ,  1981). the alpha dose t o  the  lung t i ssue  from progeny 
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deposi ted i n  t h e  lungs and n o t  a t tached t o  aerosols  i s  9 t o  35 t imes 

t h e  c a l c u l a t e d  dose from deposi ted progeny at tached t o  aerosols. 

A commonly used method o f  parameter iz ing t h e  concen t ra t i on  of 

radon progeny i n  tenns o f  t h e  h e a l t h  r i s k s  due t o  t h e i r  alpha decays 

i s  t h e  p o t e n t i a l  a lpha energy concen t ra t i on  (PAEC), which i s  g iven by: 

PAEC k l A 1  + k2A2 + k3A3 (3.6) 

where the  s u b s c r i p t s  1. 2, and t o  3 r e f e r  t o  218Po, ‘14Pb, and ‘14Bi 

respec t i ve l y .  The c o e f f i c i e n t s ,  ki, a r e  kl=0.00105, k2=0.00516, and 

k3=0.00380 f o r  progeny concentrat ions,  Ai, measured i n  p C i / l .  (The 

very s h o r t  h a l f - l i f e  o f  ‘l4Po, 160 x sec, makes t h e  number con- 

c e n t r a t i o n  o f  t h i s  i so tope  n e g l i g i b l y  small, thus i t  makes no s i g n i f i -  

c a n t  c o n t r i b u t i o n  t o  t h e  PAEC.) The PAEC i s  then g iven i n  u n i t s  o f  

working l e v e l  (WL), where 1 WL i s  d e f i n e d  as any combination o f  radon 

progeny i n  one l i t e r  o f  a i r  such t h a t  t he  u l t i m a t e  decay t o  210Pb w i l l  

r e s u l t  i n  1.3 x 10 MeV o f  a lpha energy. Another use fu l  term i s  t h e  

e q u i l i b r i u m  f a c t o r ,  F, which i s  a measure o f  t h e  degree o f  e q u i l i b r i u m  

es tab l i shed  between radon and i t s  decay products: 

5 

F = 100 PAEC/AO, (3.7) 

where A. i s  t he  concen t ra t i on  o f  radon i n  pC i / l .  As we noted above, 

radon progeny can a t tach  t o  room surfaces, which e f f e c t i v e l y  reduces 

t h e  progeny concen t ra t i on  i n  t h e  a i r .  Thus, F i s  seldom c l o s e  t o  
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unity, and i s  usually in the range of 0.4 t o  0.7 for most typical 

indoor situations. 

2.  Radon Progeny Behavior 

In order t o  understand the effect  of a i r  cleaning on radon 

progeny concentrations, i t  i s  necessary to  understand the interactions 

of radon progeny with particles and other surfaces. Radon progeny 

behavior i s  i l lustrated in Figure 3.4,  which shows the various 

attachment and removal processes. The  associated rates are shown i n  

parentheses. Other than the in i t ia l  radioactive decay of radon, 

subsequent radioactive decays of the progeny are not shown. Radon 

progeny are chemically active elements, and can undergo chemical or 

physical reactions. Afrborne progeny not attached t o  particles are 

t h o u g h t  t o  form metal oxides w i t h  molecular sizes on the order of 5 nm 

i n  diameter (see. fo r  example, Busigin e t  a l . ,  1981 and Knutson e t  

a l . ,  1983). As might be expected, attachment of radon progeny t o  

airborne particles depends upon the concentration of the particles and 

their  size distribution. Based on experiments conducted by 

Porstendoerfer and Mercer (19781, the mean attachment rate coefficient 

i s  4.3 x hr" x (partic1es/cm3)-' for particles typically found 

in indoor a i r .  The attachment rate i s  the product of this  coefffcient 

and the particle concentration. As noted in Figure 3.4, the alpha 

decay of attached 218Po can impart sufficient momentum to  detach the 

recoil nuclide from the particle. The detachment probability, r ,  has 
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been estimated t o  be 0.83 (Mercer, 1976). The beta decay o f  other 

progeny produces l ess  momentum and hence does not lead t o  detachment. 

The other fac to rs  which a f f e c t  the airborne concentrations o f  

radon progeny are the r a t e  o f  deposi t ion o f  the attached and 

unattached species on wa l ls  o r  other surfaces. The number-weighted 

p a r t i c l e  deposit ion r a t e  (and there fore  the  deposi t ion ra te  f o r  

attached progeny) i s  0.16 hr-', based on recent observations i n  a 

f u l l - s i z e  room (Offennann e t  al., 1984). In a s im i la r  se t  o f  exper- 

iments, the deposi t ion r a t e  f o r  unattached progeny i s  estimated t o  be 

15 hr-', almost a f a c t o r  o f  one hundred greater than t h a t  f o r  attached 

progeny (Offennann e t  al., 1984). 

These various ra tes  can be compared; a t  a p a r t i c l e  concentrat ion 

o f  10,000 particles/cm', f o r  example, the attachment ra te  t o  p a r t i c l e s  

i s  43 h r - l ,  compared w i t h  a ra te  f o r  deposi t ion on surfaces f o r  

unattached progeny of 1 5  hr-  . A t  lower p a r t i c l e  concentrations, the 

attachment r a t e  i s  correspondingly l w e r ,  and deposi t ion o f  unattached 

progeny becomes a more important process. The deposit ion rates fo r  

unattached and attached progeny as a func t ion  o f  p a r t i c l e  concentra- 

t i o n  are i l l u s t r a t e d  i n  Figure 3 .5  f o r  each radon decay product of 

i n te res t .  

1 
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3. Removal by Air Cleaninp 

Air cleaning has two effects on airborne radon progeny. Air 

cleaning can directly remove attached progeny by removal of par t i -  

culate matter. In addition, electrostatic precipitators and extended 

surface f i l  ters  (such as HEPA-type f i l t e r s  1 remove unattached progeny 

as well, although the performance of these devices i n  the particle 

size range below 10 nm i s  n o t  well characterized (Offermann e t  a l . ,  

1984). Air cleaning also contributes to radon progeny removal by 

t i o n  of 

removal 

reducing the ambient particle concentration so that  depos 

unattached progeny on indoor surfaces becanes a predominant 

mechanism. 

The equilibrium factor, defined i n  Equation 3.7, i s  shown as a 

function o f  particle concentration i n  Figure 3.6. As can be seen, f o r  

a constant radon concentration, the total PAEC decreases as particle 

concentration i s  reduced. A t  the same time, the PAEC due t o  

unattached progeny, indicated by the dashed l ine i n  the figure, i n -  

creases as particles are removed (Sextro e t  a l . ,  1984). Below z500 

particles/cm3, the PAEC i s  almost entirely associated w i t h  unattached 

progeny. Since the l u n g  dose associated w i t h  the alpha decay of 

unattached progeny i s  substantially greater than the dose expected 

from attached progeny, a i r  cleaning may n o t  significantly reduce the 

overall health ri sks of airborne radon progeny concentrations. 
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Figure 3.6 Equilibrium factor, F, versus particle concentration. 
Measured data and representative uncertainties are indicated by the 
solid circles and error bars. The solid line is based on calculated 
values for total radon progeny. (Source: Sextro et al., 1984). 



4. Control of Radon and Radon Progeny: 
Literature Review 

A. Background 

Radon from So i l  --- 1. 

The primary source o f  radon i n  the major i t y  o f  U.S. homes w i t h  

elevated radon concentrat ions i s  thought t o  be the rad ioac t ive  decay 

o f  radium i n  s o i l  located nearby t o  these homes (Nero and Nararoff,  

1983). This s o i l  w i l l ,  i n  general, be na tu ra l l y  occurr ing (i.e., 

indigenous), however, i n  some instances, t h i s  s o i l  may cons is t  o f  ( o r  

contain) waste products o f  mining o r  i n d u s t r i a l  processes (e.g., 

uranium m i l l  t a i l i n g s  o r  refuse from phosphate mining) t h a t  may have 

an unusually high radium concentrat ion. 

An understanding o f  the loca t ions  and mechanisms o f  radon entry 

i n t o  bu i ld ings  from the s o i l  i s  c r i t i c a l  f o r  the development o f  many 

cont ro l  strategies.  Radon t h a t  o r ig ina tes  i n  the soil and enters the 

indoor space must be transported through the s o i l  t o  the interface 

between the s o i l  and the  b u i l d i n g  and a lso  across o r  through t h i s  

i n te r face  t o  indoors. One mechanism o f  radon t ranspor t  i s  molecular 

d i f fus ion ,  although d i f f u s i o n  i s  not thought t o  be s u f f i c i e n t  t o  

create highly elevated indoor radon concentrations (Nero and Nazaroff. 

1983). Radon i n  s o i l  gas o r  crawlspace a i r  can a lso  be transported by 

pressure-driven f l o w .  This f low may be dr iven by changes i n  baro- 

140 
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metric pressure, wind-induced pressure, and the stack effect  (Nazaroff 

and Nero, 1984). The stack effect ,  which i s  a primary driving force 

f o r  inf i l t ra t ion,  arises from the force of gravity and the difference 

between the density of the outdoor a i r  and the heated indoor a i r .  I t  

causes depressurization a t  lower regions within the structure adjacent 

t o  locations where radon i s  l ikely t o  enter and, thus, provides a 

driving force f o r  radon entry. 

Radon transport and entry rates may be a function of several 

environmental parameters including i ndoor-outdoor temperature 

difference, rate o f  change i n  barometric pressure, and wind speed. 

The resistance t o  transport through the soil (which Ss a function of 

the soil permeability) and the resistance t o  transport through the 

interface between the soil  and b u i l d i n g  may also strongly affect  the 

radon entry rate. The permeability of the soil i s  a function of soil 

type and moisture content: soil saturated with water i s  less  perme- 

able; however, the soil beneath buildings may in some cases remain dry 

while the surrounding soil i s  saturated. 

Locations where radon enters due t o  the pressure-driven flow are 

t h o u g h t  t o  include: cracks and joints  n the foundation or i n  floors 

located above a crawlspace, penetrations for water and gas service and 

f o r  drainage t o  sewage systems, and floor drains and sumps that are 

connected t o  subfloor d r a i n  t i l e  systems (especially drains that are 

n o t  occluded by a water t rap) .  
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2. Radon from B u i l d i n g  M a t e r i a l s  -- 

Radium i s  p r e s e n t  i n  t r a c e  amounts i n  e a r t h - b a s e d  b u i l d i n g  

m a t e r i a l s  (e.g., concrete); thus, these m a t e r i a l s  can be a source o f  

i ndoor  radon. In most U.S. bu i l d ings ,  t he  b u i l d i n g  m a t e r i a l s  a r e  a 

s u b s t a n t i a l l y  s m a l l e r  s o u r c e  o f  r a d o n  t h a n  t h e  s o i l  (Nero and 

Nazaroff, 1983). B u i l d i n g  m a t e r i a l s  can be an i m p o r t a n t  o r  dominant 

source o f  radon, however, i f  they a re  composed o f  m a t e r i a l s  w i t h  an 

unusual ly  h i g h  radium concen t ra t i on  and i f  a s i g n i f i c a n t  p o r t i o n  o f  

t h e  radon produced w i t h i n  these m a t e r i a l s  en te rs  t h e  i ndoor  space. In  

Sweden, alum shale (a n a t u r a l l y  o c c u r r i n g  m a t e r i a l  w i t h  a h i g h  rad ium 

con ten t )  was used as a component o f  concrete b u i l d i n g  m a t e r i a l s  i n  

350,000 t o  700,000 d w e l l i n g s  between 1930 and 1975 (Swedjemark, 1978 

19801. I n  the  U.S., phosphate slag, which i s  h i g h  i n  rad ium was used 

as a component o f  concrete i n  an es t ima ted  74,000 homes (Kahn e t  al., 

1979 1. 

3.  Radon from Water --- 

Substan t ia l  radon can be d i sso l ved  i n  ground wa te r  t h a t  i s  i n  

con tac t  w i t h  s o i l  gas t h a t  has a h i g h  radon concentrat ion.  When t h i s  

wa te r  i s  exposed t o  the i ndoor  a i r ,  which has a much l o w e r  concentra- 

t i o n  o f  radon than the s o i l  gas, radon can be re leased indoors. Water 

i s  u s u a l l y  n o t  the predominant source o f  i ndoor  radon, b u t  i t  can be 

an i m p o r t a n t  sou rce  i n  some b u i l d i n g s  i f  t h e  w a t e r  has a h i g h l y  

e levated radon concentrat ion. Radon concentrat ions i n  water  vary bv 
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a t  l e a s t  f o u r  orders of magnitude (Nero and Nazaroff,  19831. 

4. Radon from Na tu ra l  Gas ---- 

Because n a t u r a l  gas o r i g i n a t e s  from below ground l e v e l  i t  can 

c o n t a i n  s i g n i f i c a n t  amounts o f  radon and t h i s  radon can be re leased 

indoors d u r i n g  unvented combustion. The c o n t r i b u t i o n  t o  i ndoor  radon 

f r o m  n a t u r a l  gas i s  c o n s i d e r e d  t o  be m i n o r  (Johnson e t  al., 1973; 

Bar ton  e t  al., 19731, thus, r e l a t e d  c o n t r o l  measures a re  n o t  discussed 

i n  t h i s  repor t .  

5. Overview o f  Con t ro l  Techniques 

A v a r i e t y  o f  techniques are p o t e n t i a l l y  s u i t a b l e  f o r  c o n t r o l l i n g  

i ndoor  radon and/or radon progeny concentrat ions. The use o f  v e n t i l a -  

t i o n  was discussed i n  a prev ious section. The radon source can be 

excluded or  removed f rom c l o s e  p r o x i m i t y  t o  i n h a b i t e d  bu i l d ings .  The 

t r a n s p o r t  o f  radon  t o  i n d o o r s  can be i n h i b i t e d  by s e a l i n g  v a r i o u s  

openings o r  surfaces, or  by s u b f l o o r  v e n t i l a t i o n .  B u i l d i n g s  can he 

s i t ed ,  designed, and/or cons t ruc ted  a p p r o p r i a t e l y  t o  reduce the  po- 

t e n t i a l  f o r  h igh  i ndoor  radon levels .  F i n a l l y ,  radon daughters can be 

removed ( i .e..  c l e a n s e d )  f r o m  t h e  i n d o o r  a i r .  Each o f  t h e s e  

techniques i s  discussed i n  f o l l o w i n g  sections. 
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6. Sources o f  Data on Radon Control ------ 

A few sources o f  data on radon control  techniques deserve speci- 

f i c  mention. Data from a number o f  remedial ac t ion  programs, designed 

t o  reduce radon exposures i n  p a r t i c u l a r  communities o r  regions where 

indoor radon concentrations were f requent ly elevated, are the l a rges t  

sources o f  information. These comnunities include: Grand Junction, 

Colorado where a la rge  number o f  homes were b u i l t  on uranium m i l l  

t a i l i n g s  (DOE, 1979); Por t  Hope, Ontario, where contamination o f  s o i l  

had occurred due t o  loca l  radium processing (Case, 1980; Eaton, 1980); 

and E l l i o t  Lake, Ontario, Bancroft, Ontario, and Uranium City, Saskat- 

chewan which are located on porous sands i n  c lose proximity t o  radium- 

bearing bedrock (Eaton, 1980). There are also some reports o f  con- 

tamination from mining waste products i n  these l a s t  three c i t i e s .  I n  

addi t ion,  remedial techniques have been studied i n  a region o f  central  

F lo r i da  w i t h  natural  phosphate deposits and waste products from phos- 

phate mining (Scot t  and Findlay, 1983). These phosphate deposits are 

associated w i th  elevated s o i l  radium and indoor radon concentrations. 

8. Source Removal, Exclusion, o r  Bur ia l .  

One strategy f o r  c o n t r o l l i n g  indoor radon concentrations i s  t o  

prevent strong sources o f  radon from being i n  close proximity t o  the 

bu i ld ing .  Several re la ted  cont ro l  measures are discussed below. 
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1. S o i l ,  T a i l i n g s ,  and F i l l  

As m e n t i o n e d  above, n o n i n d i g e n o u s  h i g h - r a d i u m  s o i l s ,  m i l l  

t a i l i n g s ,  and f i l l  can be i m p o r t a n t  sou rces  o f  radon. An o b v i o u s  

approach  i s  t o  m o n i t o r  and p l a n  t h e  d i s p o s a l  o f  h i g h - r a d i u m  w a s t e  

products  so as t o  avo id  s i t i n g  o f  new s t r u c t u r e s  on such mater ia ls .  

Even when b u i l d i n g s  a r e  n o t  s i t e d  d i r e c t l y  on d i s p o s a l  s i t e s ,  t h e  

waste products  (e.g., m i l l  t a i l i n g s )  can be d ispersed due t o  e ros ion  

and are,  t h e r e f o r e ,  a p o t e n t i a l  s o u r c e  o f  c o n t a m i n a t i o n  i n  nea rby  

areas.  Due t o  t h e  e n a c t m e n t  o f  a U r a n i u m  M i l l  T a i l i n g s  R a d i a t i o n  

Con t ro l  A c t  i n  1978, c e r t a i n  standards now must be met i n  regard t o  

the d isposal  and t rea tmen t  o f  m i l l  t a i l i n g s  (Voorhees e t  al., 1983). 

High rad ium s o i l s  o r  t a i l i n g s  can a l so  be covered t o  reduce the  

radon emanation. Schiager (1974) c a l c u l a t e d  t h a t  radon emanation f rom 

m i l l  t a i l i n g s  c o u l d  be r e d u c e d  by a f a c t o r  o f  e (i.e., 2.72) w i t h  a 

1.5 m cover o f  m o i s t  packed e a r t h  o r  a 5 cm cover o f  concrete. The 

p o s s i b l e  i m p a c t  o f  c r a c k s  d e v e l o p i n g  i n  t h e  c o n c r e t e  was n o t  

discussed. 

F o r  e x i s t i n g  s t r u c t u r e s ,  an o p t i o n  i s  t o  remove nearby h i g h -  

rad ium s o i l s  and t o  rep lace  them w i t h  s o i l s  o f  l o w e r  radium content. 

T h i s  technique has been employed success fu l l y  i n  P o r t  Hope, Ontario, 

(Case. 19801, and i n  Grand Junct ion,  Colorado (DOE. 1979) where the  

p r imary  sources of  radon a re  nonindigenous mater ia ls .  DOE (1979) gave 
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an average cos t  per residence f o r  f i l l  removal o f  $3220. F i l l  removal 

has also been used i n  cases of contaminated f i l l  i n  Bancroft, Ontario 

w i th  costs estimated t o  be $2500 per residence f o r  removal o f  mater ia l  

beneath the basement f l o o r  s lab (James MacLaren, 1979). K e i t h  

Consult ing (1979) reported t h a t  removal o f  waste mater ia l  was e f fec-  

t i v e  i n  reducing rad ia t i on  l eve l s  i n  th ree  Uranium City structures b u t  

t h a t  costs were high -- $65 t o  $160 per cubic meter ($50 t o  $120 per 

cubic yard) f o r  i n t e r i o r  (i.e., beneath the f l o o r )  excavation and $33 

per cubic meter ($25 per cubic yard) f o r  b a c k f i l l .  Thus, i t  appears 

t h a t  f i l l  removal i s  an e f f e c t i v e  cont ro l  measure i n  cases o f  l oca l  

contamination ( i n  cont ras t  t o  na tu ra l l y  occurr ing sources o f  radon), 

hwever, the costs f o r  f i l l  removal are very high. Advantages o f  t h i s  

measure are i t s  permanence and the lack o f  l o n g - t e n  energy o r  main- 

tenance requi  rements. 

2 .  Bu i ld inq  Mater ia ls  

An obvious technique t o  reduce fu tu re  indoor radon exposures 

a r i s i n g  from high-radium bu i l d ing  mater ia ls i s  t o  p r o h i b i t  the use o f  

such materials. According t o  Kahn e t  a l .  (19791, the states o f  Idaho 

and Montana have e f f e c t i v e l y  p roh ib i ted  fu tu re  use o f  phosphate s lag 

as a component o f  b u i l d i n g  mater ia ls  and the E.P.A. i s  proposing 

s i m i l a r  prohibi t ions.  Aerated concrete containing alum shale has not 

been produced i n  Sweden since 1975 (Swedjemark, 1980). 
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In e x i s t i n g  bui ld ings ,  the m a t e r i a l s  t h a t  a r e  a s i g n i f i c a n t  

source of radon could be removed, however, this opt ion has received 

l i t t l e  a t t e n t i o n  perhaps because of the high c o s t s  involved. In 

addi t ion ,  some of the measures descr ibed below a r e  p o t e n t i a l l y  suit- 

a b l e  control  op t ions  f o r  bu i ld ings  w i t h  high-radium bui ld ing  

mater ia l s .  

Water - 3 .  

When exhala t ion  o f  radon from potable  water  i s  an important 

source of indoor radon, the s imples t  s o l u t i o n  i s  t o  switch t o  a water  

supply w i t h  less d isso lved  radon; this opt ion,  however, will not  

always be ava i lab le .  Another p o t e n t i a l  s o l u t i o n  is t o  a e r a t e  the 

water  so t h a t  the radon i s  re leased  t o  the outdoor a i r  (James 

MacLaren, 1979); no d a t a  on this  technique were found. A t h i r d  

poss ib le  s o l u t i o n  is t o  s t o r e  the water. The ha l f  l i f e  f o r  radon i s  

3.8 days; t h u s ,  the radon concent ra t ion  i n  the water  could be reduced 

by approximately 85% by s torage  f o r  10 days. Wi th  a typ ica l  da i ly  

water  consumption per  person of 20 t o  80 ga l lons  ( P a r t r i d g e  e t  a l . ,  

1979). s i g n i f i c a n t  s torage  capac i ty  would be required.  One f i n a l  

measure t h a t  i s  p o t e n t i a l l y  helpful  i s  t o  employ loca l  exhaust  venti- 

l a t i o n  near water  vapor and radon sources  (e.9.. showers). 
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C. S i t e  Selectfon 

By not s i t i n g  bu i ld ings  n regions w i t h  known unusua l y  high 

radon sources, such as areas w i t h  uranium m i l l  t a i l i ngs ,  other waste 

products noted e a r l i e r ,  o r  soil w i t h  a na tu ra l l y  high radium context, 

one can reduce excessive radon exposure. The uranium mining s i t e s  are 

o f ten  i n  the southwestern United States and Canada bu t  smaller opera- 

t i ons  can be found elsewhere. Another important region where higher- 

than-average radon sources are present i s  an area o f  phosphate 

deposits and waste products from phosphate mining and processing i n  

cent ra l  Flor ida.  The permeabi l i ty  o f  the s o i l  may be an equal ly 

important consideration: s o i l  gas i s  more read i l y  transported t o  the 

bu i l d ing ' s  substructure i n  h igh ly  permeable so i l .  

Data from airborne radiometr ic surveys o f  the e n t i r e  United 

States and substant ia l  regions o f  Canada taken f o r  an assessment o f  

uranium resources are a source o f  i n f o n a t i o n  on radon emanation rates 

from Soi l  (Nero and Nazaroff, 1983; DSMA Atcon, 19831. Alternate- 

l y ,  the radon release r a t e  can be de ten ined  from loca l  s o i l  samples 

o r  by loca l  gamma ray spectroscopy (DSMA Atcon, 1983). Combining 

these data on radon emanation ra tes  w i t h  estimates o f  the loca l  s o i l  

permeabil i ty (based on ag r i cu l tu ra l  s o i l  c l a s s i f i c a t i o n  maps, s o i l  

g ra in  s ize analysis, o r  i n - s i t u  permeabil i ty measurements) could i n d i -  

cate the po ten t ia l  f o r  h igh radon concentrations a t  a bu i l d ing  s i t e  o r  

w i th in  a l a rge r  region. DSMA Atcon (1983) suggests development of a 
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"Radon Index Number" based on these d a t a  p l u s  in fo rma t ion  on housing 

c h a r a c t e r i s t i c s  and climate. Such an index  cou ld  p rov ide  a b a s i s  f o r  

s i t e  s e l e c t i o n ,  and a l so  i n d i c a t e  r e g i o n s  where s p e c i f i c  a t t e n t i o n  

cou ld  be given toward minimizing radon e n t r y  by a p p r o p r i a t e  b u i l d i n g  

d e s i g n s  and c o n s t r u c t i o n  p r a c t i c e s .  

0. I n h i b i t i n g  Radon En t ry  

Various t echn iques  can  be used t o  i n h i b i t  the e n t r y  o f  radon i n t o  

the indoor  a i r ;  these t e c h n i q u e s  inc lude :  c o n s t r u c t i o n  o f  a p a r t i c u l a r  

t y p e  of  b u i l d i n g  s u b s t r u c t u r e ,  a p p l i c a t i o n  of s e a l a n t s ,  and s u b f l o o r  

v e n t i l a t i o n .  

1. B u i l d i n g  S u b s t r u c t u r e s  

The p o t e n t i a l  f o r  high indoor  radon c o n c e n t r a t i o n s  may depend 

s i g n i f i c a n t l y  on the d e s i g n  of the b u i l d i n g  s u b s t r u c t u r e .  C o m n  

s u b s t r u c t u r a l  d e s i g n s  i n  t h e  Un i t ed  S t a t e s  are the fol lowing:  base- 

ment, c o n c r e t e  slab-on-grade, and wooden f loor  o v e r  a crawlspace,  o r  

some combinat ion o f  t h e s e  three des igns .  The p o t e n t i a l  f o r  radon 

e n t r y  i n  houses w i t h  each s u b s t r u c t u r e  i s  d i s c u s s e d  below. 

Nara ro f f  and Nero (1984) sugges t ed  t h a t  s t r u c t u r e s  w i t h  basements 

may be most s u s c e p t i b l e  t o  radon e n t r y  f o r  two reasons:  f i r s t ,  a l a r g e  

a r e a  o f  c o n t a c t  e x i s t s  between the b u i l d i n g  and the so i l .  Second, 
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they postulated that  radon i s  drawn i n t o  the house from a larger 

volume of soil i n  houses w i t h  basements. I t  was suggested that  the 

long flow-path between locations where air  enters the soil and where 

soil gas may enter th rough  the basement floor (and, consequently, the 

large resistance to  flow per u n i t  area o f  soil perpendicular t o  the 

f low) ,  causes radon t o  be drawn from soil  located a t  a greater 

horizontal distance from the outer walls i n  houses with basements 

compared t o  houses w i t h  other types of substructures. 

Basement characteristics that  may increase the susceptibility of  

radon entry are the presence o f  exposed soil  o r  rock, unsealed pene- 

trations for p i p i n g  and other services, and the use o f  concrete block 

walls. (Concrete block walls often have gaps i n  the mortar joints ,  

and soil gas can flow readily through the plenums; also, the block 

i tself  is composed of a fa i r ly  porous concrete.) 

Substantial radon concentrations can also occur i n  housing w i t h  

slab-on-grade foundations. Scott and Findlay (19831, i n  their  inves- 

tigation o f  radon control i n  houses location on Florida phosphate 

lands, describe various features typical of sl ab-on-grade foundations 

that allow radon entry; these features include the presence of nu- 

merous penetrations through the slab for  plumbing and sanitary ser- 

vices, the use of concrete blocks below grade f o r  walls, and the 

presence of a j o i n t  between the floor and foundation walls. A "mono- 

l i t h i c  slab" i s  described that  contains no j o i n t s  o r  connections t o  
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walls beneath grade level and tha t  appeared significantly more resis- 

tant t a  radon entry based on a comparison t o  other houses si ted on 

similar land. The canbination of using a monolithic slab and sealing 

a1 1 penetrations through the slab (techniques of seal i n g  are described 

l a t e r )  appeared t o  be a highly effective radon control measure based 

on the data from a single residence. Scott and Findlay (1983) found, 

however, that  training of the s i t e  foreman was n o t  sufficient to 

ensure that radon entry paths would be sealed. They suggested t h a t  

t r a i n i n g  of the construction crew and implementing an inspection 

program might be required t o  make construction of radon resistant 

slab-on-grade housing a routine practice. 

The third substructure design i s  the crawl space which may be 

vented or  unvented. Transport of radon from the soil into unvented 

crawl spaces can be enhanced by the stack effect  and wind pressures 

(Nararoff and Doyle, A significant fraction of the radon that 

enters b o t h  vented and unvented crawl spaces can leak into the living 

space (Nazaroff and Doyle, 1983) , however, houses w i t h  vented crawl 

spaces are less susceptible t o  h i g h  radon concentrations. Insuffi- 

cient data are available t o  determine the frequency a t  which elevated 

radon concentrations occur i n  houses with ventilated crawl spaces. 

1983). 

For buildings w i t h  a l l  substructure designs, the integrity of the 

b u i l d i n g  substructure can have a large impact on indoor radon concen- 

trations. As will become apparent i n  the next section, construction 
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pract ices tha t  minimize pathways fo r  leakage through slab f loors ,  

basement walls, and f l oo rs  located above crawlspaces are l i k e l y  t o  be 

e f f e c t i v e  and e f f i c i e n t  radon cont ro l  measures. 

2. Seal i ng  Radon Entry Pathways 

One o f  the most common radon cont ro l  s t ra teg ies  employed i n  the 

various remedial ac t i on  programs noted e a r l i e r  is sealing the various 

paths through which radon enters the indoor a i r .  There are two basic 

techniques: 1) se lec t ive  seal ing o f  cracks, f l o o r  j o in t s ,  f l o o r  

drains penetrat ions f o r  plumbing. and other openings through which 

radon enters by pressure-driven f l o w  o f  s o i l  gas o r  crawl-space a i r ,  

and 2 seal ing o r  coat ing the  i n t e r i o r  o r  e x t e r i o r  o f  e n t i r e  surfaces 

(e.g.. basement f l o o r  and wa l l ) .  Because radon entry by pressure 

dr iven  f low i s  thought t o  be the most common mechanism o f  radon entry 

i n  bu i ld ings  w i t h  elevated concentrations, the f i r s t  technique has 

been used more extensively. Coating o f  e n t i r e  surfaces may be 

necessary only when radon enters a t  a substant ia l  r a t e  by t ranspor t  

(i.e., p r imar i l y  d i f f u s i o n )  d i r e c t l y  through bu i l d ing  mater ia ls;  one 

c o m n  example i s  the case o f  radon emanation from high-radium 

bu i l d ing  materials. The fo l low ing  discussion o f  seal ing techniques i s  

based on a review o f  a la rge  number o f  references (Chakravatt i ,  1979; 

Culot e t  a l . ,  1973; DSMA ACRES, 1978, 1979, 1979b. 1979c, 1980; DSMA 

Atcon ,1983; Eichholz e t  al. .  1980; Findlay, 1978, 1979; Findlay and 

Boychuck, 1980; Frank1 i n  e t  a1 . , 1975; Hamnon e t  al., 1975, 1977; 
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James Maclaren, 1979; Keith Consul t ing,  1979, 1979b, 1980; Kukacka and 

I s l e r ,  197-3; and Manley, 1979). 

S e a l i n q  Drains and Sumps: Perhaps the most comnonly noted 

radon en t ry  l o c a t i o n s  a r e  f l o o r  d r a i n s  and sumps t h a t  a r e  connected t o  

drainage- o r  weeping-t i le  systems i n  the s o i l  beneath o r  surrounding 

the house. Radon can r e a d i l y  enter the bui ld ing  i f  there is  not a 

funct ional  water  t r a p  t o  i s o l a t e  the t i l e  systems from indoors. A n  

o f t e n  e f f e c t i v e  measure is, t o  rebui ld  the system so t h a t  

i t  inc ludes  a water  t rap .  In many ins tances  water  i s  d i r e c t e d  i n t o  

the t r a p  a t  a slow r a t e  t o  ensure t h a t  the t r a p  remains f u l l  of water. 

James MacLaren (1979) es t imated t h a t  i t  c o s t  $500 t o  add a water  t r a p  

t o  a f l o o r  dra in  and $1500 t o  add a water  t r a p  t o  and modify a sump. 

t h e r e f o r e ,  

Crack and J o i n t  Sealing: Sea l ing  of c racks ,  floor-to-wall 

j o i n t s ,  and o t h e r  openings i n  basement wal l s  o r  f l o o r s  has of ten  been 

performed i n  remedial a c t i o n  programs. For the s e a l a n t  t o  adhere t o  

the concre te ,  i t  is  o f t e n  necessary t o  c u t  o r  r o u t  a notch i n t o  t h e  

concre te  a t  the l o c a t i o n  of the crack t o  expose f resh  surfaces .  The 

crack i s  genera l ly  sea led  w i t h  an epoxy, a non-shrink grout ,  o r  a 

f l e x i b l e  caulking t h a t  is  pro tec ted  by a cementi t ious mater ia l .  

Kukacka and I s l e r  (1973) gave a c o s t  of $2.17 per l i n e a r  meter 

(50.66/1 i n e a r  f o o t )  of seal  cracks.  James MacLaren (1979) es t imated 

t h a t  s e a l i n g  of c racks  and j o i n t s  c o s t s  $2000 per  house and Keith 

Consulting (1979) gave a c o s t  of $800 t o  41500 f o r  houses w i t h  
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unfinished basements. 

Sealinp Exposed Rock or Soil: I n  some buildings there i s  a 

region o f  exposed rock o r  soil i n  the basement. To prevent radon 

entry, these exposed regions have been covered generally w i t h  a con- 

crete  patch that i s  sealed t o  the surrounding concrete. 

Sealing o f  Plumbing and Other Service Penetrations: A variety of 

materials (e.g., grouts,  epoxies, and asphalt rooffng cement) have 

been used t o  seal penetrations f n  concrete th rough  which various 

service conduits are placed. Some investigators have noted the impor- 

tance of uti l izing a sl ightly flexible sealant to  allow for movement 

of the conduit relative t o  the concrete that  i s  caused by thermal 

expansion and contraction. 

Sealing Hollow Concrete Block Walls: Investigators have noted 

the difficulty in blocking radon entry through hollow concrete block 

walls, perhaps due t o  the fact  that  radon can enter t h r o u g h  several 

paths, i .e . ,  th rough  cracks in the blocks o r  mortar joints,  a t  the t o p  

of  the wall t h r o u g h  the plenums, and directly through the web of the 

block. The only technique frequently reported as successful in 

stopping the radon entry i s  t o  entirely f i l l  the plenums w i t h  grout t o  

above grade level,  an expensive and labor-intensive procedure. Water 

from the g r o u t  sometimes leaks t h r o u g h  cracks i n t o  the bui ld ing  

interior and damages finished surfaces. 
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Sea l i ng  o f  Surfaces: Another method t o  i n h i b i t  radon e n t r y  i s  t o  

seal o r  p rov ide  a h a r r i e r  over e n t i r e  surfaces. The b a r r i e r  can be 

a p p l i e d  e i t h e r  t o  the  i n t e r i o r  o r  e x t e r i o r  o f  sur faces such as the  

faces o f  w a l l s  and the  f l o o r  o f  a basement. M a t e r i a l s  used f o r  t h e  

b a r r i e r  can be i n  t h e  fo rm o f  sheets o r  r o l l s ;  a l t e r n a t i v e l y ,  a l i q u i d  

t h a t  d r i e s  t o  form a s o l i d  can be p a i n t e d  o r  sprayed on surfaces. For 

t h e  b a r r i e r  t o  be e f f e c t i v e ,  i t  must be s u f f i c i e n t l y  impermeable t o  

radon d i f f u s i o n  and a l s o  be r e s i s t a n t  t o  chemical o r  mechanical break- 

down d u r i n g  use. O t h e r  c o n s i d e r a t i o n s  i n c l u d e  t h e  c o s t  o f  t h e  

m a t e r i a l ,  t h e  c o s t  f o r  i n s t a l l a t i o n  o r  a p p l i c a t i o n ,  and t o x f c i t y  

d u r i n g  a p p l i c a t i o n  o r  i n  t h e  case o f  acc iden ta l  combustion. 

A wide v a r i e t y  o f  m a t e r i a l s  have been considered f o r  use as radon 

b a r r i e r s .  Many o f  t h e  i n v e s t i g a t i o n s  have n o t  been d i r e c t e d  toward 

a p p l i c a t i o n  i n  bu i l d ings ,  but, ins tead,  toward reducing radon concen- 

t r a t i o n s  i n  mines o r  toward c o n t r o l l i n g  t h e  radon re lease  f rom p i l e s  

o f  u ran ium-mi l l  t a i l i n g s .  I n  a recen t  rev iew,  Ketchum (1983) d i v i d e d  

these m a t e r i a l s  i n t o  f o u r  general categor ies;  1) p l a s t i c  polymers, 21 

e l a s t o m e r i c  po l ymers ,  3 )  l a m i n a t e s  and c o a t e d  m a t e r i a l s ,  and 41 

c o a t i n g s .  Each c a t e g o r y  can be f u r t h e r  s u b d i v i d e d ;  f o r  example, 

c o a t i n g s  can be epox ies ,  u re thanes ,  a s p h a l t s ,  e t c .  Based on t h e  

rev iew by Ketchum (1983) and data f rom others,  t h e r e  i s  a l a r g e  range 

i n  the  performance o f  m a t e r i a l s  i n  p reven t ing  radon d i f f u s i o n  even 

w i t h i n  each ca tegory .  A v a r i e t y  o f  m a t e r i a l s  a r e  s u f f i c i e n t l y  

impermeab le  t o  be u s e f u l .  Depending on t h e  b a r r i e r  m a t e r i a l  and 
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th ickness,  the es t ima ted  or laboratory-measured e f f e c t i v e n e s s  o f  t he  

b a r r i e r s  i n  p r e v e n t i n g  r a d o n  d i f f u s i o n  ranges  f r o m  z e r o  t o  100%. 

(Da ta  on t h e  e f f e c t i v e n e s s  o f  b a r r i e r s  i n  a c t u a l  s t r u c t u r e s  a r e  

discussed la ter . )  

Kukacka and I s l e r  (1973) l i s t e d  cos ts  of $1 t o  52 per  square f o o t  

f o r  s e a l i n g  o f  u n f i n i s h e d  and f i n i s h e d  basement f l o o r s ,  respec t i ve l y .  

Guimond e t  al., ( 1979)  e s t i m a t e d  t h e  c o s t  o f  a p p l y i n g  a p o l y m e r i c  

sea lan t  t o  be $600 t o  $1950 pe r  s t ruc tu re .  A p p l i c a t i o n  o f  an e x t e r i o r  

s e a l a n t  t o  basement  w a l l s  ( i n c l u d i n g  e x c a v a t i o n  and r e f i l l  o f  t h e  

s o i l )  was es t ima ted  t o  c o s t  $5500 by James MacLaren (1979) who a l s o  

es t ima ted  cos ts  o f  56500 and $9500 f o r  s e a l i n g  t h e  i n t e r i o r  o f  base- 

men t  f l o o r s  and w a l l s  i n  u n f i n i s h e d  and f i n i s h e d  basements, r e -  

s p e c t i  vel y . 

E f f e c t i v e n e s s  o f  Sea l  i n 9  Techniques:  I n  many i n s t a n c e s ,  t h e  

e f f e c t i v e n e s s  o f  va r ious  techniques t o  i n h i b i t  radon e n t r y  by a p p l i c a -  

t i o n  o f  sea lan ts  i s  repo r ted  on ly  i n  q u a l i t a t i v e  terms. Q u a n t i t a t i v e  

r e s u l t s  a re  prov ided by OSMA ACRES (1979) and DSMA ACTON (1980) and 

r e p r o d u c e d  h e r e  i n  T a b l e s  4.1 - 4.6. The work d e s c r i b e d  i n  t h e s e  

t a b l e s  was performed i n  two  stages. Stage I i n v o l v e d  a v i s u a l  inspec- 

t i o n  and c l o s i n g  o f  obvious radon e n t r y  rou tes  a long w i t h  c l o s i n g  o f  

o t h e r  v i s i b l e  b u t  l e s s  obvious e n t r y  rou te$  t h a t  were i n d i c a t e d  t o  be 

impor tan t  i n  t e s t s  ( t h e  t e s t s  were n o t  described). I f  the es t ima ted  

annual average PAEC f o r  t he  house was s t i l l  g r e a t e r  than 0.02 WL a f t e r  
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Table 4 .1  Key t o  remedial actions performed a t  E l l i o t  Lake, Ontario by 
DSMA Acton Ltd. and Acres Consulting Services Limited. T h i s  
key applies f o r  Tables 4.2 and 4.3. 

Fix Number 

I 

1.1 

2 

2.1 

3 

4 

5 

Description 

Replace floor drain 

Replace drained collection pit 

Replace sump 

Replace soaking pit 

Close wall-floor joint 

Close cracks and openings through 
poured concrete surfaces 

Seal exterior walls 

Cover exposed earth in crawl spaces 

Cover exposed rock in basement 

Coat masonry walls (interior) 

Fill concrete block walls 

Number of times 
performed 

60 

9 

12 

4 

27 

31 

0 

3 

6 

1 

1 

Source: DSMA ACRES, 1979. 
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Table 4 . 2  Remedial actions performed and estimated annual average 
radon daughter concentrations i n  E l l io t  Lake, Ontario houses 
that complied with cr i ter ion ( i . e . ,  concentration l e s s  than 
20 m WL) on December 31, 1978 a f t e r  completion of Stage I 
remedial work. The key to  the remedial actions i s  given in 

House 
Number 

1 
7 
10 
I2 
17 
18 
19 
20 
22 
23 
25 
27 
31 
32 
34 
39 
40 
44 
45 
52 
53 
55 
57 
65 
66 
70 
72 
73 
80 
83 
87 
89 
91 
92 
94 

Table 4 . 1 .  

Contract 
Number 

0 
0 
2 
0 
2 
0 
0 
2 
0 
1 

1 
1 
0 
0 
0 
0 
I 
1 
3 
2 
0 
I 
1 
I 
2 
0 
I 
3 
I 
0 
2 
2 
0 
2 
0 

I 1.1 2 

X 
X 

X 
X 

X 
X 
X 
X 
X 

X 
X 
X 
X 

X 
X 

X 
x x  

X 
X 

X 

X 
X 

X 

X 
X 
X 
X 
X 

Estimated Annual 
Average (m W L) Fix Number 

2.1 3 4 5 6 7 8 9 before after 

x x  
x x  
x x  
x x  

X 

x x  

X 

X 

X 

x x  

x x  

X 

x x  

X 

29 7 
29 I 1  
61 11 
62 7 
24 7 
78 10 
54 2 
31 7 
25 13 
50 8 
33 I2 
44 8 
D 7  
35 7 
B 7  
28 7 
D 3  
31 9 
24 13 
39 12 
D 3  
21 6 
33 6 
38 I4 
21 9 
32 5 
37 4 
21 15 
29 8 
D 4  
D 9  
24 8 
D 4  
34 9 
26 5 

Source:DSMA ACRES, 1973. 
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Table 4.2 (Continued) 

Estimated Annual 
House Contraet  Fix Number Average (mWL) 
Number Number 1 1.1 2 2.1 3 4 5 6 7 8 9 before a f te r  

96 
97 
99 

104 
I09  
110 
115 
I23  
128 
129 
136 
137 
138 
207 
218 

2 26 
266 
384 
390 
4 26 
5 86 
597 

o x  
o x  
3 x  
0 
1 X 

1 X 
o x  
3 x  
0 
1 X 

2 x  
2 x  
2 x  
3 x  
2 x  

3 x  
3 x  
3 x  
3 x  
3 
3 x  
3 

x x  
X 
X 

X 

X 

X 

X X 
X 

X X 

X 

22 16 
D 6 
25 8 
36 8 
21 7 
D 4 
35 13 
28 9 
23 9 
47 9 
44 13 
32 6 
28 4 
26 9 
30 11 

40 14 
22 14 
43 7 
27 15 
32 9 
30 9 
31 11 

Total number of h o e s  57 

Nore: D indicates tha t  t h e  house was fixed as part  of the remedial demonstration 
program. The annual average was believed to be greater  than 20 mWL 
before t h e  remedial work was carried out, but measurements 
were made over too short a period to properly est imate  t h e  annual 
average. 

Source1 OSMA ACRES, 1979 . 
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Tab1 e 4.3 Remedi a1 a c t i o n s  performed and est imated annual average 
radon progeny concen t ra t i ons  i n  E l l i o t  Lake, On ta r io  houses 
t h a t  complied w i t h  c r i t e r i o n  ( i .e.,  concen t ra t i on  l e s s  than 
20 m WL) on December 31, 1978 a f t e r  complet ion o f  Stage I 1  
remedial work. The key t o  t h e  remedial a c t i o n s  i s  g iven i n  
Table 4.1 

~ o u s e  Contract Estimated Annual 
Number Numbers 1 1.1 2 2.1 3 4 5 6 7 8 9 A v e r a g e h W L )  

before after 

4 110 x x  x x  112 14 
x x  30 18 

60 17 
I 1  I10 x x  X 

30 210 X x x  

121 1 I O  X X 21 2 

27 18 415 3/0 X X 

X 86 13 Q29 310 X x x  

596 21310 x x x  32 3 

Total of houses 7 

Source:DSMA ACRES, 1979.  
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Table 4 . 4  

Fix Number 

5 

6 

7 

8 

9 

10 

I1 

12 

Key to remedial 
DSMA Acton Ltd. 
key applies f o r  

actions perfonned a t  Elliot Lake, Ontario by 
and Acres Consulting Services Limited. This 
Tables 4.5 and 4 .6 .  

Water-trap weeping tile connected to floor drain 

Water-trap weeping tile connected to sump 

Close wall-floor joint 

Close cracks and openings through poured concrete 
surfaces 

Seal exterior sur face  of basement walls 

Cover exposed ear th  in basements 

Cover exposed rock in basements 

Seal interior surface of basement walls 

Fill concrete block walls with Cement grout 

Remove radioactive concrete or fill 

Place shielding over ac t ive  concrete  

Install fan for improved ventilation 

Source: OSMA Acton, 1980. 
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Table 4.5 

House 
Number 

13 
28 
54 
60 
114 
116 
I22 
139 
20 6 
222 
268 
420 
436 
437 
488 
58 0 
600 
8 30 
833 
860 
878 
88 5 

Remedial actions performed and estimated annual average 
radon progeny concentrations for houses that complied 
with criterion (i.e., concentration less than 20 m WL) 
after Stage 1 remedial work during 1979. The key to 
remedial actions is given in Table 4.4. 

Total of Houses: 22 

Source: DSMA Acton, 1980. 

Contract 
Number - 
4 
4 
4 
4 
0 
0 
3 
5 
4 
0 
0 
3 
5 
5 

6 
4 
4 
4 
4 

4 

5 
0 

Remedial Work 
(Fix number) 

193 
1 

1,4 
1,4 
1 
I 
11394 

1,2,3 14,1 0 
I 
1 

1,394 
3 94 
I 
5 

1,3,4 ,I 0 
3,4,12 
2,4 
I 
I 
I 
1 

5 

Before - 
21 
26 

54 
20 
23 
28 
32 
44 
21 
20 
29 
31 
56 
48 
49 
38 
27 
43 
26 
36 
35 
23 

Estimated Annual 
Average (rnWL) 

After - 
5 
7 
15 
4 
5 
7 
17 
4 
5 
10 
12 
15 
7 
9 
7 
5 
10 
5 
6 
5 
18 
2 
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Table 4.6 Remedial. actions performed and estimated annual average 
radon progeny concentrations i n  E l l i o t  Lake, Ontario houses 
that  complied wi th  c r i t e r i o n  ( i  .e. , concentration less than 
20 m WL) a f t e r  Stage I 1  remedial work during 1979. The key 
t o  the remedial actions i s  given i n  Table 4.4. 

House Contract 
Number Number 

14 
29 
35 
38 
43 
50 
64 
67 
81 
88 

I20 
413 
427 

11415 
01 5 
210 
01 0 
41 4 
01 I 

1/2/3 
01 3 
01 0 

I lz l3  
012 
01 0 
31 0 

Remedial Work 
(fix number) 

Total of houses complying in 1979 - 
Total of houses cornplying to December 31 1979 - 

Estimated Annual 
Average (mWL) 

Before After - -  

53 I3 
94 5 
24 13 
41 7 

21 13 
43 I5 
32 4 

23 11 
35 I1 
36 3 
41 8 
45 8 
29 16 

13 

35 
98 

Source: DSMA Acton, 1990 
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completion of Stage I measures, further work was undertaken in a Stage 

I 1  procedure t o  identify and seal additional radon entry pathways. 

Note that the tabulated data are only from houses where the measures 

were successful ( i  .e., the estimated annual average PAEC was reduced 

to  below 0.02 WLJ. 

An examination of the data in Tables 4.1 - 4.6 indicates that  

installation of water traps between drain t i l e  systems and the sump o r  

floor drain and repair or  replacement of the sump can dramatically 

reduce the PAEC i n  many houses. 

In most houses for which data i s  tabulated, crack and j o i n t  

sealing was performed in conjunction with other measures; in the few 

houses where only cracks and joints  were sealed, substantial reduc- 

tions in PAEC were noted. 

In three houses l i s ted  i n  Tables 4.1 - 4.6,  the only measure 

perfoned was t o  apply an exterior surface sealant t o  the basement 

walls and the estimated average PAEC dropped by a factor of five or 

more. Additional data on the use of surface sealants i n  actual struc- 

tures are provided by Eichholz e t  a l .  (1980) who applied several 

materials ( i  .e. , a plaster compound. a cement/fiberglass mixture, 

several paints, and polyethylene sheeting) over sections of a high- 

radium concrete block wall. Measurements indicated a reduction i n  

radon emanation rate from the coated wall sections that ranged from 18 
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t o  97%. 

The DSMA data (Tables 4.1 - 4.6) a l s o  show t h a t  a combinat ion o f  

s e a l i n g  techniques i s  o f ten  e f f e c t i v e  f o r  radon con t ro l .  The va r ious  

s e a l i n g  techniques ( i n  combinat ion o r  separa te l y )  sometimes reduced 

t h e  PAEC by g rea te r  than a f a c t o r  o f  t e n  and f r e q u e n t l y  by more than a 

f a c t o r  o f  t h r e e ;  s i m i l a r l y  l a r g e  r e d u c t i o n s  w o u l d  g e n e r a l l y  be 

d i f f i c u l t  t o  achieve by v e n t i l a t i o n  o r  a i r  cleaning. As noted above, 

however, t he  t a b u l a t e d  data does n o t  i n c l u d e  instances where s e a l i n g  

techniques f a i l e d .  Numerous f a i l u r e s  a re  noted i n  the  l i t e r a t u r e  and 

g e n e r a l l y  a t t r i b u t e d  t o  r a d o n  e n t r y  t h r o u g h  a1 t e r n a t i  ve ( o f t e n  

u n i d e n t i f i e d )  l oca t i ons ,  f a i l u r e  o f  sea lan ts  t o  adhere t o  surfaces, o r  

f u t u r e  c r a c k i n g  o f  s u r f a c e s .  I n  s e v e r a l  r e f e r e n c e s ,  t h e  need f o r  

q u a l i t y  workmanship when implement ing t h e  va r ious  s e a l i n g  measure was 

emphasized. The l o n g  te rm e f f e c t i v e n e s s  o f  t h e  seal ing-based measures 

has n o t  been documented. Also, t h e  a v a i l a b l e  data a re  p r i m a r i l y  f rom 

houses w i t h  basements, t hus ,  t h e  e f f e c t i v e n e s s  o f  t h e s e  s e a l i n g  

measures i n  houses w i t h  slab-on-grade foundat ions o r  c raw l  spaces i s  

n o t  ex tens i ve l y  documented. 

3. Sub f loo r  V e n t i l a t i o n  

A n o t h e r  t e c h n i q u e  t o  i n h i b i t  r a d o n  e n t r y  i s  t o  v e n t i l a t e  t h e  

s u b f l o o r  vo lume (i.e., t h e  r e g i o n  benea th  t h e  s l a b - f l o o r  o r  c r a w l  

space1 by pass ive or a c t i v e  means. The o b j e c t i v e  o f  these measures i s  
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t o  t ranspor t  radon t h a t  o r ig ina tes  i n  the s o i l  t o  outdoors and, thus, 

prevent its ent ry  i n t o  the bui ld ing.  

Crawl-Space Vent i la t ion :  Crawl spaces are r e l a t i v e l y  easy t o  

vent i la te .  Passive v e n t i l a t i o n  i s  accomplished by placing a number o f  

openings i n  the crawl-space wal ls between the crawl space and out- 

doors; v e n t i l a t i o n  o f  the crawl space then depends on natural  forces 

(i.e., wind and stack e f fec ts ) .  A fan can also be i n s t a l l e d  t o  

mechanically v e n t i l a t e  crawl spaces. The fan  consumes e l e c t r i c i t y  b u t  

el iminates the re l iance on natural  forces t o  provide the ven t i l a t i on .  

Crawl-space v e n t i l a t i o n  i s  sometimes coupled w i t h  app l i ca t ion  o f  a 

sealant t o  the  underside o f  the f l o o r  t o  i n h i b i t  radon entry i n t o  the 

house. I n  co ld  cl imates i t  may be necessary t o  insu la te  the f l o o r  and 

the heating system's ductwork i f  i t  i s  located i n  the crawl space ( t o  

reduce heat losses) and a l so  the  water and drainage p ip ing  ( t o  prevent 

f reezing) since increasing the  r a t e  o f  v e n t i l a t i o n  o f  the crawl space 

can reduce i t s  temperature. A spray-on closed-cel l  polyurethane foam 

may have appl icat ions as both a sealant and an insulat ion.  

As f o r  other cont ro l  measures, the  estimated costs f o r  crawl- 

space v e n t i l a t i o n  vary widely. Guimond e t  al., (19791 estimated t h a t  

i t  cos t  $550 f o r  crawl-space v e n t i l a t i o n  i n  planned structures. James 

MacLaren (.1979) estimated a cos t  o f  $4500 per residence t o  increase 

the natural  v e n t i l a t i o n  o f  ex i s t i ng  crawl spaces and spray a closed- 

c e l l  urethane foam insu la t i on  on the underside o f  the f l oo r .  
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Quantitative d a t a  on the effectiveness of crawl-space ventilation 

are limited. Chakravatti (1979) presents data that indicated low 

radon daughter concentrations i n  newly b u i l t  El l iot  Lake apartment 

buildings w i t h  mechanically ventilated crawl spaces (ventilated a t  one 

a i r  change per hour) b u t  does not show data for  the same buildings 

without ventilated crawl spaces. Nazaroff and Doyle (1983) measured 

substantially higher ( i .e . ,  67% and 83% higher) indoor radon concen- 

trations i n  two houses d u r i n g  a week w i t h  the crawl-space vents sealed 

compared t o  a week w i t h  the vents open. Several other references note 

that  crawl-space ventilation is effective b u t  present no data. I t  i s  

logical that  crawl-space ventilation would be an effective measure i f  

the crawl space is  ventilated a t  a substantial rate and clearly this 

can be accomplished using mechanical ventilation. 

_.- Sub-Slab Ventilation: Ventilation of the region beneath a slab 

This techni- floor i s  more d i f f icu l t  than ventilating a crawl space. 

que, though has been studied in some detail .  

Two sub-slab ventilation system designs are described by Vivyurka 

(1979) and variations of these designs are described in other referen- 

ces. The “weeping t i l e  system“ was used i n  existing houses that had 

weeping ( i .e . ,  drainage) t i l e  placed i n  the ground parallel t o  b o t h  

the inner and outer edges of the basement wall footings w i t h  the t i l e  

systems draining i n t o  an open sump located i n  the basement. A fan 

w i t h  rated capacity of 24 l / s  (50 ft’/rnin) was installed i n  a box that  
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was placed over the sump ( b u t  not sealed t o  the floor) and the exhaust 

from the fan was directed outdoors using a flexible duct. This system 

was generally very effective i n  reducing radon daughter concentrations 

a s  indicated by the data in Table 4.7 (Fan  System No. 1). Only a few 

problems were noted w i t h  th i s  system over a 28-month period in 63 

homes (e.g., five fans had t o  b e  replaced and four fans were 

unplugged). 

In the second design described by Vivyurka (1979) (which was 

installed primarily dur ing  house construction), an extensive t i l e  

system was placed beneath the basement floor and connected t o  a verti- 

cal ventilation stack that  extended above the roof of the house. 

Indoor radon concentrations were maintained a t  low levels d u r i n g  the 

winter months, presumably because of the good draw th rough  the exhaust 

stack during cold weather, b u t  the system d i d  not perform well during 

warm weather. The design was modified t o  incorporate a fan rated a t  

38 t o  7 1  l / s  a t  75 Pascals (80 t o  150 ft’/min a t  0.3 inches water 

gauge) that  drew a i r  from the t i l e  system and exhausted i t  t o  out-  

doors. The fan was installed in a variety of locations (e.g., in the 

stack, i n  a sealed o f f  section between the floor j o i s t s  with an ex- 

haust through the basement wall, and with the fan  installed on an 

outside wall). This system was also generally effective as shown by 

the data i n  Table 4.7 (Fan Systems No. 2 ,  3, and 5). The primary 

problems noted w i t h  th is  system af te r  18 months of operation i n  over 

160 houses were noise, and leakage i n t o  o r  out of the plenum between 
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t he  f l o o r  j o i s t s  c o n t a i n i n g  the  fan; each o f  these problems mot i va ted  

movement af the  f a n  t o  ou ts ide  the  bu i l d ing .  A few fans a l s o  had t o  

be replaced. 

A t h i r d  method o f  sub-slab v e n t i l a t i o n  has been descr ibed b r i e f l y  

by OSMA ACTON (1980) and F i n d l a y  and Boychuck (1980) f o r  houses w i t h  

no u n d e r f l o o r  t i l e  system. Th is  method c o n s i s t s  o f  s e a l i n g  a p l a s t i c  

p i p e  i n t o  a h o l e  p l a c e d  i n  t h e  c e n t e r  o f  t h e  basement  f l o o r  and 

connect ing i t  t o  a v e r t i c a l  s tack w i th  o r  w i t h o u t  a fan. Th is  system 

was d e s c r i b e d  as e f f e c t i v e  i n  t h e  one house f o r  w h i c h  i t  had  been 

t r i e d .  

Few es t ima tes  have been g i ven  on t h e  c o s t  o f  a sub-slab v e n t i l a -  

t i o n  system. James MacLaren (1979)  e s t i m a t e d  a c o s t  o f  $8000 t o  

i n s t a l l  a system w i th  a n a t u r a l  v e n t i l a t i o n  stack; t h i s  i nc ludes  the  

c o s t  t o  remove and r e c o n s t r u c t  t h e  f l o o r  slab. Obviously, cos ts  would 

be much l o w e r  i f  sub-slab v e n t i l a t i o n  systems were i n s t a l l e d  d u r i n g  

i n i t i a l  c o n s t r u c t i o n ,  i n  f a c t ,  i n s t a l l a t i o n  o f  a s u b - s l a b  t i l i n g  

system w i t h  access f o r  connect ion t o  an exhaust stack or f an  m igh t  be 

a w o r t h w h i l e  p recau t iona ry  measure. 

E f f e c t i v e n e s s  of Sub f loo r  V e n t i l a t i o n :  Data on the  e f f e c t i v e n e s s  

o f  each technique o f  s u b f l o o r  v e n t i l a t i o n  f o r  c o n t r o l l i n g  i ndoor  radon 

and indoor  daughter concen t ra t i ons  were descr ibed above; the data on 

c r a w l  space v e n t i l a t i o n  a r e  f a i r l y  l i m i t e d .  A s  a c l a s s ,  t t rese 
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techniques appear sufficiently effective so that  reductions in concen- 

trations by a large factor can be achieved. Because these techniques 

are not always reported as effective, measurements are generally 

required to  determine performance i n  each instance. 

E. Radon Progeny Control Through Air Circulation and Particle Control 

The interactions among radon progeny, aerosols, and macro sur- 

faces have been discussed i n  Section E of Chapter 111. These princi- 

ples provide the basis for  understanding th i s  discussion on control of 

radon progeny by a i r  circulation and particle control. Some of the 

studies of radon progeny control have been done i n  conjunction w i t h  

effor ts  to  l imit  the exposures of uranium miners (and other under- 

ground hard-rock miners) t o  radon decay products (see, for  example, 

Lawter e t  a1 . , The results of these investigations have only 

1 imited residential applications. 

1981). 

1. Air Circulation 

Air circulation i n  residences can be accomplished by e i ther  

ducted or unducted fans. The effects of air circulation on radon 

progeny concentrations have been investigated i n  mines (Wrenn e t  al . ,  

19691, i n  small experimental radon chambers (Holub e t  a l . ,  1979; Bigu, 

1983) and i n  room-site chambers or houses (Windham e t  a l . ,  1978; 

Jonassen. 1980b; Rudnick e t  a l . ,  1983; Offermann e t  a l . ,  1984). 
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Overal l  , the resu l t s  o f  these studies are consistent; the e f fec ts  

o f  a i r  c i r c u l a t i o n  on radon progeny concentrations, as measured by 

changes i n  the po ten t ia l  alpha energy concentrat ion (PAEC), depend 

c r i t i c a l l y  upon the p a r t i c l e  concentrations. Most o f  these a i r  c i r -  

cu la t i on  studies were conducted a t  p a r t i c l e  concentrations below 

10,000 particles/cm’. Reductions i n  PAEC between a fac to r  o f  2 and 20 

have been reported. The most substant ia l  decrease i n  PAEC was observed 

by Wrenn e t  a1 . (1969) , where the p a r t i c l e  concentrat ion i n  the mine 
3 was % Z O O  part ic les/cm . The inves t iga t ions  by Offermann e t  al., 

(1984) were conducted a t  high p a r t i c l e  concentrations and the  s l i g h t  

decrease i n  radon progeny concentrat ions was w i t h i n  the l i m i t s  o f  

experimental uncertainty . 

I n  sane o f  these studies o f  a i r  c i r cu la t i on ,  reductions i n  p a r t i -  

c l e  concentrations were reported which would increase the e f fec t i ve -  

ness o f  a i r  c i r c u l a t i o n  i n  reducing the  PAEC. However, i n  some cases, 

t h i s  reduct ion i n  p a r t i c l e  concentrat ion appears t o  have been caused 

by an increase i n  v e n t i l a t i o n  ra ther  than a substant ia l  increase i n  

p a r t i c l e  deposition. This e f f e c t  has been noted by Windham e t  a l .  

(1978) and discussed by Scot t  and Findlay (1983). I n  studies o f  a i r  

c i r c u l a t i o n  w i t h  a central  fan and a i r  condit ioner, both the radon and 

p a r t i c l e  concentrat ions dropped, i nd i ca t i ng  t h a t  leakage i n  the duct 

system drew i n  add i t iona l  v e n t i l a t i o n  a i r .  Wrenn e t  a l .  (1969) 

reported decreased p a r t i c l e  concentrations as a r e s u l t  o f  a i r  c i r cu la -  

t i o n  i n  mine shafts; however, i t  i s  not c lea r  from t h e i r  resu l t s  



Control of Radon and Radon Progeny: Literature Review 173 

whether the circulation enhanced the depositton o f  particles on the 

walls, or whether the additional a i r  movement induced additional 

ventilation of the mine shaft, which would decrease the particle 

concentration. Offennann e t  al .  (1984) explicit ly investigated the 

effect  of a i r  circulation on particle concentration by using oscil- 

lating fans positioned t o  direct  the flows onto the walls of a room. 

No detectable decrease in particle concentration was observed; these 

tes ts  were conducted a t  particle concentrations greater than 40,000 

particles/cm . 3 

Based on these studies, a i r  circulation appears to  significantly 

reduce the radon progeny concentrations when the particle concentra- 

tion i s  low enough so that  a significant fraction of the progeny are 

n o t  attached t o  airborne particles. In Figure 3.5, presented in the 

previous discussion of interactions between radon progeny and parti- 

cles,  the deposition rate  for  radon progeny can be seen t o  increase 

substantially as particle concentrations decrease bel ow a few thousand 

particleskm . The a i r  circulation enhances the deposition o f  

unattached progeny By ci rcul ating the progeny cl ose t o  the wall s where 

diffusion t o  the wall surfaces occurs, t h u s  increasing the probability 

of particle deposition. Thus, i n  order for a i r  circulation t o  have a 

significant effect  on progeny concentrations, the particle concentra- 

tion should be below n-lO,OOO partfcles/cm3, which i s  not often the 

case i n  typical residences (especially in homes with smokers) w i t h o u t  

enhanced particle removal. 

3 
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2.  Air Cleaning 

The various types of a i r  cleaners and their  effects on particle 

concentrations have been discussed in Chapter 111. A number of de- 

vices have been evaluated f o r  their  effect  on radon progeny concen- 

t ra t ions .  These include electrostat ic  precipitators, mechanical f i l -  

ters ,  such as extended surface f i l t e r s  (HEPA-type), and negative ion 

generators. 

Although a i r  cleaner device performance as a function of particle 

size has been measured (Offennann e t  al., 19841, no direct measurement 

of the removal of unattached progeny by air  cleaners has been 

reported. However, the collection efficiency for these small mole- 

cules, estimated t o  be-10 nm or  less  i n  diameter (Busigin e t  a l . ,  

1981) has been inferred t o  be the same as for attached progeny (i .e. ,  

particles) for  bo th  extended surface f i l t e r s  and electrostatic pre- 

cipitators (Offermann e t  a l . ,  1984). 

The effect  of e lectrostat ic  a i r  cleaning on PAEC was investigated 

i n  several studies (Lloyd and Mercer 1981; Miles e t  al . ,  1980; Rudnick 

e t  a l . ,  1983; Scott and Findlay, 1983; Offermann e t  al . ,  1984). The 

reduction i n  PAEC ranged from a factor of 2 t o  20, usually accompanied 

by a similar decrease i n  particle concentration (although particle 

concentration was not reported i n  a l l  studies).  In one study, opera- 

tion of electrostatic precipitators i n  a house produced a reduction i n  
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particle concentration of less  than a factor of two (Carr and Tappan, 

1976); i t  appears t h a t  the a i r  cleaner d i d  not have a large enough 

effective flow rate  to  substantially reduce the particle concentration 

in the house. Tappan (1979) also investigated the use of electro- 

s ta t ic  a i r  cleaners i n  a large comnercial building. While similar 

results were obtained f o r  the reduction i n  PAEC (60 to  80%), some 

mechanical and operational diff icul t ies  were encountered. Offennann e t  

a1 . (1984) evaluated two stand-alone (unducted) electrostatic precipi- 

tators,  both of which reduced the PAEC by a factor of 13. These 

experiments were done with ini t ia l  particle concentrations greater 

than 40,000 particles/cm ; operation of the a i r  cleaning devices in a 

t i g h t  t e s t  chamber reduced these concentrations to  less  than 200 t o  

3 

500 particles/cm'. 

Fan-filter devices have been used for radon progeny control 

experiments (Carr and Tappan, 1976; Lloydand Mercerm, 1881; Rudnick e t  

a l . ,  1983; Jonassen, 1980b; Offennann e t  a l . ,  1984). I t  should be 

noted, however, that  the terminology used t o  describe mechanical 

f i l t e r s  in various reports i s  n o t  always precise or consistent. For 

h i g h  efficiency mechanical f i l t e r s ,  such as a HEPA o r  other extended 

surface f i l t e r ,  the results are similar t o  those reported for  electro- 

s t a t i c  f i l t e r s ,  namely that  particle concentrations are  significantly 

reduced, and radon progeny concentrations drop correspondingly . In 

addition t o  high efficiency f i l t e r s ,  Offennann e t  al .  (1984) evaluated 

inexpensive, table-top-size fan-fl'lter units. These devices had no 
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measurable e f f e c t  on p a r t i c l e  concentration, and, as expected, pro- 

duced no qbsewable reduct ion i n  radon progeny concentrations. 

Negative ion  generators, some o f  which had pos i t i ve l y  charged 

c o l l e c t i o n  surfaces as p a r t  of the a i r  c leaning system, were also 

examined (Lloyd and Mercer, 1981; Bigu, 1983; Offennann e t  al., 1984). 

A l l  three studies repor t  only modest reductions i n  radon progeny 

concentrat ion. The la rges t  reported decrease i n  PAEC, a fac to r  o f  4 

t o  7 (Bigu, 19831, i s  confounded somewhat since the experiment was 

done i n  a small, p lex ig lass  chamber whose surface e l e c t r i c a l  proper- 

t i e s  don ' t  appear t o  dup l i ca te  those found i n  res iden t ia l  bui ldings. 

As noted by Offennann e t  a l .  the  use o f  negative i on  genera- 

to rs  f o r  e i t h e r  p a r t i c l e  o r  radon progeny cont ro l  depends upon the 

f l u x  o f  negative ions and the  l oca t i on  o f  c o l l e c t i o n  surfaces (which 

i n  many cases are the room wa l ls  themselves). One ion i ze r  evaluated 

as p a r t  o f  t h i s  study had an i n teg ra l  , posit ively-charged co l lec to r ;  

no reduct ion i n  e i t h e r  p a r t i c l e  o r  radon progeny concentrat ion was 

observed. An ion i ze r  w i t h  a higher operating voltage and no co l lec -  

t i o n  surface ( i .e.,  c o l l e c t i o n  was done by the wa l ls  o f  the room) d i d  

reduce the p a r t i c l e  concentrat ion and the PAEC. The experiments 

reported by Lloyd and Mercer (1981) showed no e f f e c t  i n  a room w i t h  

only one ion izer .  Reductions i n  p a r t i c l e  and radon progeny concentra- 

t ions  were seen only w i th  two o r  more ionizers,  used along w i t h  

posi t ively-charged c o l l e c t i o n  surfaces. 

(1984) , 
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As w i t h  a i r  c i r c u l a t i o n ,  t he  r e s u l t s  of a i r  c lean ing  as a method 

o f  radon progeny c o n t r o l  a re  dependent upon the  p a r t i c l e  concentra- 

t ions.  Offermann e t  al., (1984) concluded tha t ,  w h i l e  t h e  a i r  c leaner  

removes unattached and at tached progeny a t  t he  same r a t e  as p a r t i c l e s ,  

t he  dominant f a c t o r  i n  t h e  

a t  l ow  p a r t i c l e  concen t ra t  

progeny on room surfaces. 

t w o - f o l d  e f f e c t ;  i t  removes 

r e d u c t i o n  i n  radon progeny concentrat ions 

ons i s  t he  d e p o s i t i o n  r a t e  o f  unattached 

Thus, ope ra t i on  o f  an a i r  c leaner  has a 

bo th  p a r t i c l e s  and radon progeny d i r e c t l y ,  

and a t  t h e  r e s u l t i n g  l o w  p a r t i c l e  c o n c e n t r a t i o n s ,  t h e  f r a c t i o n  o f  

p rogeny  n o t  a t t a c h e d  t o  p a r t i c l e s  i n c r e a s e s  s i g n i f i c a n t l y .  These 

unat tached progeny have a h i g h  d e p o s i t i o n  r a t e  on room surfaces. 

3. I m p l i c a t i o n s  o f  A i r  C i r c u l a t i o n  and A i r  C lean inq  

E f f e c t i v e  a i r  c l e a n i n g  d e v i c e s  a r e  n o t  i n e x p e n s i v e ;  p r i c e s  

s t a r t  a t  a few hundred d o l l a r s  f o r  t h e  dev ice i t s e l f  ( e i t h e r  stand- 

alone, o r  designed f o r  duct i n s t a l l a t i o n )  p l u s  t h e  a d d i t i o n a l  expense 

o f  i n s t a l l a t i o n  o f  a ducted device. Devices c o s t i n g  l e s s  than $100- 

150 t y p i c a l l y  were n o t  e f f e c t i v e  i n  removing p a r t i c l e s  (Offermann e t  

al., 1984). Quest ions o f  dev ice r e l i a b i l i t y  and proper  ope ra t i on  l e d  

Tappan (1979) t o  conclude t h a t  a i r  c lean ing  as a r e l i a b l e ,  f oo l -p roo f  

method o f  reducing radon progeny concen t ra t i ons  was l e s s  des i rab le  

than radon source r e d u c t i o n  s t ra teg ies .  A i r  c i r c u l a t i o n  by means o f  a 

c e i l i n g  o r  box f a n  w o u l d  be l e s s  e x p e n s i v e  (Rudn ick  e t  al., 19831, 

however ,  as has been emphas ized  here,  a i r  c i r c u l a t i o n  w i l l  r educe  
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radon progeny concentrations a t  relatively low particle concen- 

t r a t ions  [ b u t  will not, by i t s e l f ,  substantially reduce particle 

concentrations 1. 

As discussed briefly in a previous section, unattached radon 

progeny are predicted t o  have a greater alpha dose t o  lung t issue than 

progeny attached to  particles. While a i r  cleaning can reduce the 

PAEC, perhaps by as much as an order of magnitude, the overall health 

risks may not decline correspondingly due to  the resulting high 

unattached fractions for radon progeny (Sextro e t  al . ,  1984; Jonassen 

and McLaughlin, 1982). 

F. Sumary of RadodRadon Daughter Specific Control Measures 

In summary, a variety of pollutant-specific medsures can be 

employed t o  help control indoor concentrations of radon and/or radon 

daughters. 

In the future, i t  i s  clearly advisable to  avoid the use of h i g h -  

radium substances as  components of building construction materials. 

Similarly, buildings should not be sited on waste materials that  are 

h i g h  i n  radium. For existing structures, removal of these high radium 

materials can be an  effective control measure, b u t  i s  generally very 

expensive. 
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Attention to  the design of the b u i l d i n g  substructure i s  also 

relevant for  radon control. Houses w i t h  basements may be more suscep- 

t ib le  t o  radon entry, although available data are too limited for  

definitive conclusions. Since high-penneabili t y  pathways between the 

soil or  crawl space and indoors are generally thought to  be the 

primary routes for radon entry i n  houses w i t h  h i g h  radon concentra- 

tions, i t  would appear logical t o  design and construct new structures 

so as  t o  minimize these pathways w i t h i n  practical constraints. 

Techniques to  control radon entry by sealing can be divided i n t o  

two basic categories -- sealing of ent i re  surfaces and selective 

sealing of cracks, floor drains, and other openings. If the 

predominant source of radon i s  the so i l ,  and radon enters due to 

pressure-driven flow of soil gas or crawl space a i r ,  t h e n  the sealing 

of entire surfaces i s  generally not necessary. A possible 

exception i s  that of highly porous concrete blocks th rough  which 

significant flow of high-radium soil gas may possibly occur; insuffi- 

cient data exis t  a t  th i s  time to  assess th i s  possibility. In situa- 

tions where the primary mechanism of radon entry i s  diffusion, such 

as  the case of high-radium building materials, sealing of entire 

surfaces would appear t o  be a better strategy. In remedial action 

programs, sealing techniques have met w i t h  mixed success. A1 though 

they have often been successful, problems have been noted, including 

the presence of alternative routes of radon entry and poor adherence 

beween the seal and the surfaces t o  be sealed. 



180 Indoor Air Quality Control Techniques 

A number of ventilation-based techniques can be used t o  inhibit  

radon entry. These techniques include crawl -space ventilation and 

exhausting a i r  to  outside that i s  drawn from beneath slabs (e.g., 

beneath basement f loors) ,  o r  from sumps or drain t i l e  systems. These 

techniques have received limited investigation b u t  have often been 

effective especially when a fan i s  used t o  provide the ventilation. 

The need f o r  a fan i s  less clear when considering crawl-space vent la- 

t i o n .  As a better understanding i s  developed of the mechanisms and 

locations of radon entry, more effective techniques of sealing and 

subfloor ventilation may be developed and construction practices may 

also be modified t o  inhibit  radon entry. 

In regard t o  removal of radon progeny from the indoor a i r ,  the 

technique that  appears most promising i s  the use of particle control 

devices t o  remove progeny and enhance deposition of progeny on sur- 

faces. This technique can substantially reduce airborne progeny con- 

centrations b u t  substantial air-cleaning rates are required. I t  i s  

d i f f icu l t  t o  achieve very large decreases in daughter concentrations 

(e.g., an order of magnitude) by this  technique. I n  addition, this  

technique may increase the airborne concentration of radon progeny 

that  are n o t  attached t o  particles. According t o  some lung dosimetry 

models, a substantially higher dose results from unattached daughters 

compared t o  attached progeny, t h u s  a i r  cleaning may not yield a 

significant decrease i n  health risks from radon progeny. 
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The potential f o r  h i g h  indoor radon concentrations may depend 

substantially on geographic or geologic features. An improved under- 

standing of these dependencies could be valuable for the future design 

of radon control measures and could also indicate areas where specific 

attention should be given to  radon control e 

Because of the complexity o f  the radon problem, i t  i s  apparent 

t h a t  a combination of the strategies noted above (and possibly new 

strategies) wi l l  be required t o  control radon or radon progeny concen- 

trations i n  the most efficient manner. 



5. Control of Formaldehyde Concentrations: 
Literature Review 

A. Formal dehyde Re1 ease 

Meyer e t  al., (1979b) desc r ibe  t h r e e  p r i m a r y  sources f o r  f o r -  

maldehyde release from part icleboard: 1) f ree  formaldehyde t h a t  i s  

attached t o  the wood o r  dissolved i n  the form o f  methylene glycol ;  2 )  

unreacted low molecular weight polymethylene and polymethylol com- 

pounds; and 3) hydro lys is  o f  the urea-formaldehyde resins. Others 

general ly provide a less  de ta i l ed  breakdown: release o f  f ree  (i.e., 

weakly bound) formaldehyde and hydro lys is  o f  the urea formaldehyde and 

(UF) res in .  The same processes a r e  r e s p o n s i b l e  f o r  formaldehyde 

release from urea-formaldehyde foam insulat ion.  (UFFI). The ra te  o f  

formaldehyde release has been shown t o  increase w i t h  temperature, wood 

moisture content, humidi ty o f  the surrounding a i r ,  and w i t h  decreased 

formaldehyde concentrat ion i n  the surrounding a i r  (Berge e t  al., 1980; 

Andersen e t  al., 1975; Jewell ,  1980; Long e t  al., 1979; Meyer e t  al.. 

1979b; and Matthews e t  al., 1983). I n  general ,  t h e  formaldehyde 

emission ra te  decreases rap id l y  j u s t  a f t e r  manufacturing and then more 

s lowly  over a per iod of months o r  years. Presumably, the i n i t i a l  

release o f  formaldehyde i s  due i n  la rge  p a r t  t o  the release o f  f ree  

formaldehyde (Myers, 1983). 

182 
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6. Source Exclusion and Removal 

An obvious technique t o  control indoor formaldehyde concentra- 

t i o n s  i s  t o  exclude o r  minimize the q u a n t i t i e s  ( o f t e n  c a l l e d  t h e  

loading) of formaldehyde-emitting material. I t  is  c lear ly  more prac- 

t i ca l  t o  implement this strategy during construction than t o  remove 

the materials a f t e r  construction. Even when formaldehyde-emitting 

materials a re  excluded during construction, they may be introducted 

l a t e r  as components of furniture and other furnishings. 

Matthews e t  al. (1983b) point out t ha t  removal of selected for- 

mal dehyde-emi t t i n g  material s may have a 1 i m i  ted impact on the indoor 

formaldehyde concentration i f  another s ign i f icant  formaldehyde source 

i s  present. The r a t e  of formaldehyde emission from the remaining 

source can increase a f t e r  the removal because of the inverse relation- 

s h i p  between emission r a t e  and indoor formal dehyde-concentration. 

Removal of UFFI from houses has been a common p r a c t i c e  i n  Canada 

despite the h i g h  costs involved; however, data indicating the impact 

of this measure on indoor formaldehyde concentrations were not found. 

In s t ances  of removal of pressed  wood products have not been 

documented. 

An example of the exclusion of formaldehyde sources i s  the ban on 

UFFI f o r  use i n  homes and schools  by the Consumer Product Safe ty  

Commission i n  A u g u s t  of 1982. T h i s  ban was overturned, however, by 
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c o u r t  a c t i o n s  i n  A p r i l  o f  1983. As a r e s u l t  o f  t h i s  ban, p r o b l e m s  

w i t h  formaldehyde re lease  f rom UFFI, p u b l i c i t y ,  and l a w s u i t s ,  t h e  UFFI 

i n d u s t r y  i s  e s s e n t i a l l y  i n a c t i v e  a t  t h i s  time. 

F o r m a l d e h y d e - e m i t t i n g  m a t e r i a l s  a r e  o f t e n  d e s i r a b l e  products  

because o f  t h e i r  l ow  c o s t  and h i g h  performance (e.g., p a r t i c l e b o a r d  

i s  h i g h l y  r e s i s t a n t  t o  warpage and crack ing) ;  thus, as an a l t e r n a t i v e  

t o  exc lus ion,  techniques t o  reduce t h e  emiss ion  o f  r a t e s  o f  formalde- 

hyde f rom these m a t e r i a l s  a r e  be ing  developed as discussed below. 

C . Source M o d i f i c a t i o n s  

One o f  t he  most p romis ing  techniques t o  c o n t r o l  i ndoor  formalde-  

hyde concen t ra t i ons  i s  t o  modi fy  t h e  saurce m a t e r i a l s  t o  reduce the  

r a t e s  o f  formaldehyde emission. A number o f  such m o d i f i c a t i o n s  a re  

descr ibed below. Because o f  t he  v a r i e t y  o f  techniques used t o  assess 

fo rma ldehyde  e m i s s i o n  r a t e s ,  t h e  measures r e p o r t e d  by d i f f e r e n t  

i n v e s t i g a t o r s  a re  d i f f i c u l t  t o  compare and the  impact  o f  t h e  measures 

on i ndoor  formaldehyde concen t ra t i ons  can n o t  be r e a d i l y  assessed f rom 

the  data provided. Much o f  t he  data on t he  e f f e c t i v e n e s s  o f  source 

m o d i f i c a t i o n s  r e l a t e  more d i r e c t l y  t o  t h e  i n i t i a l  r e l e a s e  o f  f r e e  

formaldehyde than t o  t h e  l onger - te rm re lease  due t o  hydro lys is .  
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1. Alternative Resins 

A variety of res ins  can be used i n  place of the t rad i t iona l  urea- 

formaldehyde (UF) resins. In general, the cost  of a l te rna t ive  resins 

i s  h igher  then t h a t  of UF resins and i n  some cases  the mechanical 

performance is  inferior.  

Roffael (1978) showed tha t  phenol-formaldehyde-bonded par t ic le -  

board and disocyanate-bonded board emitted approximately one-tenth as 

much formaldehyde a s  UF board. Sundin (1978) and Matthews e t  a l .  

(1983b) indicated tha t  plywood w i t h  phenol-formaldehyde resins emitted 

minimal formaldehyde. 

2. Resin Modifications - 

Various materials can b added t UF resins to  reduce formalde- 

In  many cases  t h e s e  a d d i t i v e s  ( c a l l e d  scavengers )  hyde emission. 

react w i t h  f r ee  formaldehyde and, t h u s ,  prevent i t s  release. 

P a r t i a l  s u b s t i t u t i o n  of 1 ignosul fona tes .  especially ammonium 

lignosulfonates fo r  UF resin in the outer layers of the particleboard 

reduced formaldehyde emission subs tan t ia l ly  (Roffael, 1978). Hanetho 

(1978) showed t h a t  p a r t i a l  use of phenol - r e so rc ino l  resins could 

reduce formaldehyde release b u t  indicated tha t  they  were too expensive 

f o r  p r a c t i c a l  use. Brunner (1980) descr ibed  the  add i t ion  o f  
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i s o c y a n a t e  t o  t h e  c o r e  l a y e r  o f  t h e  p a r t i c l e b o a r d  and u r e a  t o  t h e  

o u t e r  l a y e r s  t o  reduce emission. Meyer (1979) c i t e s  l i t e r a t u r e  on a 

l a r g e  number o f  such a d d i t i v e s  i n  h i s  t e x t  on UF resins. Meyer e t  a l .  

(1979b) discuss the  a d d i t i o n  o f  s u l f u r ,  l i gnosu l fona te ,  and d i t h i o n i t e  

t o  reduce  f o r m a l d e h y d e  e m i s s i o n  f r o m  p a r t i c l e b o a r d .  Myers  and 

Nagaoka (1981)  o b s e r v e d  a f a c t o r  o f  t e n  r e d u c t i o n  i n  f o r m a l d e h y d e  

e m i s s i o n  a f t e r  a d d i n g  10 p e r c e n t  u r e a  and 5 p e r c e n t  me lamine  t o  a 

p a r t i c l e b o a r d  res in ;  i n  a l a t e r  paper Myers (1982) shows t h a t  t he  sus- 

c e p t a b i l i t y  o f  UF r e s i n s  t o  h y d r o l y s i s  i s  r e d u c e d  b y  n e u t r a l i z i n g  

a c i d i c  c o n d i t i o n s  (ac ids  c a t a l y z e  t h e  c u r i n g  o f  UF resins). 

A d d i t i v e s  can a1 so be used t o  reduce t h e  formaldehyde emiss ion  

from UF foam (e.g., UFFI). Meyer (1979) s t a t e s  t h a t  UF foams can be 

m o d i f i e d  w i t h  t h e  same r e a g e n t s  u s e d  f o r  p a r t i c l e b o a r d  as l o n g  as 

these reagents do n o t  i n t e r f e r e  w i t h  t h e  foaming and c i t e s  1 i t e r a t u r e  

on va r ious  add i t i ves .  

I t  i s  known t h a t  UFFI sometimes degrades p h y s i c a l l y ,  i.e.. be- 

comes f r i a b l e  e s p e c i a l l y  a f t e r  exposures t o  h i g h  h u m i d i t y  and tempera- 

t u r e  ( A l l a n  e t  al.. 1980; Meyer, 1979; Long e t  al., 1979). When the  

foam breaks down, formaldehyde emiss ion  increases. The repo r ted  cause 

o f  t h e  d e g r a d a t i o n  i s  o f t e n  i m p r o p e r  q u a l i t y  c o n t r o l  ( d i s c u s s e d  

l a t e r ) ,  however, A l l a n  e t  al. (1980) show t h a t  increased a c i d i t y  i n  

t h e  foam, w h i c h  r e s u l t s  f r o m  c u r i n g  o f  t h e  c a t a l y s t ,  reduces  t h e  

foam's s t a b i  1 i ty. 
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3.  Mola r  R a t i o  

A number o f  studies have ind ica ted  t h a t  reducing the molar r a t i o  

o f  formaldehyde t o  urea can subs tan t ia l l y  reduce formaldehyde emission 

(Mikhay lova  e t  al.. 1974; Ro f fae l ,  1978; and Brunner, 1980). 

According t o  Meyer e t  al. (1979b), however, wh i le  low molar r a t i o s  

reduce the amount o f  f ree  formaldehyde and, thus, the i n i t i a l  r a t e  o f  

formaldehyde release, res ins  o f  low molar r a t i o  are more vulnerable t o  

formaldehyde re1 ease by hydrolysis. 

The molar r a t i o  a lso  a f f e c t s  the physical propert ies o f  p a r t i c l e -  

boards. Numerous s t u d i e s  have shown a drop i n  bond s t r e n g t h  and 

greater swe l l i ng  (when wetted) o f  part ic leboards w i t h  low molar r a t i o s  

of formaldehyde t o  urea (see, f o r  example, Brunner, 1980). 

4. Processing Changes 

UF resins, are general ly cured by subject ion t o  high temperature 

and pressure. Myers (1982). i n  a study o f  the hydro ly ic  s t a b i l i t y  o f  

UF resins, showed t h a t  formaldehyde release from two d i f f e r e n t  resins 

due t o  h y d r o l y s i s  can be decreased by a t  l e a s t  a f a c t o r  o f  two by 

increasing cur ing  t ime from 5 t o  15 minutes. Others nave suggested 

benef i t s  from increasing the temperature or  pressure during curing. 

Increasing cur ing  t ime o r  temperature would, however, a lso increase 

the cost o f  production. 
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5. Coat ings  and B a r r i e r s  

Another strategy t o  reduce formaldehyde emission from pressed 

wood products i s  t o  coat t h e i r  surfaces. The coatings may contain 

scavengers t h a t  react w i t h  formaldehyde and/or the coatings may pro- 

v i d e  a b a r r i e r  t o  impede the  t r a n s p o r t  o f  m o i s t u r e  i n t o  the  board  

(which hydro l i tes  the res in )  o r  the t ranspor t  o f  formaldehyde out o f  

the board. Since the formaldehyde release from the edges o f  boards 

can be s ign i f i can t ,  coat ing o f  the edges may a lso  be desired. 

The use o f  coatings or bar r i e rs  i s  discussed i n  several papers 

(Roffael, 1978; Mikhaylova e t  al., 1974; Sundin, 1978, 1982; Imura and 

Minemura, 1977; Meyer, 1979; and Matthews e t  al., 1983, 1983b). 

Polyurethane, lacquer, and unspeci f ied pa in ts  are reported t o  be 

moderately e f f e c t i v e  i n  reducing emission; performance can be improved 

w i t h  the  a p p l i c a t i o n  o f  severa l  coats. Standard l a t e x  p a i n t s  a r e  

indicated t o  be i n e f f e c t i v e  (Matthews e t  al., 1983b). Impregnation o f  

t he  p a r t i c l e b o a r d  su r face  w i t h  va r ious  scavangers p r i o r  t o  the  

pa in t i ng  can subs tan t ia l l y  increase effect iveness; Imura and Minemura 

(1977) chose urea as the  b e s t  impregnant c o n s i d e r i n g  c o s t  and 

ef fect iveness i n  experiments w i t h  ten scavengers. Other coatings o r  

ba r r i e rs  tha t  are ind ica ted  t o  be e f f e c t i v e  t o  varying degrees i n -  

clude: melamine-impregnated paper, ac id  cur ing  lacquers, decorative 

l am ina te ,  veneer, po l yac ry lam ide ,  v i n y l  w a l l  paper, v i n y l  carpe t ,  



Control of Formaldehyde Concentrations: Literature Review 189 

v i n y l  f l o o r  ti 

chemicals  (see 

6 .  Aging 

ing, and Fa l ima  F (a p a i n t  w i t h  formaldehyde-react ive 

Ro f fae l ,  1978)). 

The r a t e  of formaldehyde re lease  f rom m a t e r i a l s  c o n t a i n i n g  UF 

r e s i n s  g e n e r a l l y  dec reases  r a p i d l y  a f t e r  p r o d u c t i o n  and t h e n  more 

s l o w l y  a f t e r  a p e r i o d  of years. Storage and aging o f  t h e  product  i s ,  

t h e r e f o r e ,  a t e c h n i q u e  t o  r e d u c e  t h e  f o r m a l d e h y d e  e m i s s i o n  i n t o  

b u i l d i n g s .  M a t t h e w s  e t  a l .  (1983b)  show d a t a  f r o m  a s t u d y  o f  40 

homes t h a t  i n d i c a t e s  s u b s t a n t i a l l y  l ower  formaldehyde concentrat ions 

i n  homes o l d e r  t h a n  5 y e a r s  compared t o  c o n c e n t r a t i o n s  i n  newer 

homes. However, i t  i s  p o s s i b l e  t h a t  ag ing may n o t  be as b e n e f i c i a l  

f o r  p r o d u c t s  c o n t a i n i n g  scavengers,  s i n c e  t h e s e  scavengers may be 

consumed over  ti me. 

The emiss ion r a t e  f rom UFFI w i l l  a l so  genera l l y  decrease over 

t i m e .  As  m e n t i o n e d  above, however, some foams w i l l  d e t e r i o r a t e  

p h y s i c a l l y  a f t e r  t i m e  p a r t i c u l a r l y  when exposed t o  h igh  temperature 

and humid i t y  and t h i s  d e t e r i o r a t i o n  w i l l  be accompanied by an increase 

i n  f o r m a l d e h y d e  e m i s s i o n .  Concerns have a l s o  been expressed,  

p a r t i c u l a r l y  by those i n v o l v e d  w i t h  the  UFFI problem i n  Canada, t h a t  

upon ag ing ,  p a r t i c u l a t e s  o r i g i n a t i n g  f r o m  t h e  UFFI can e n t e r  t h e  

i ndoor  a i r  and a c t  as i r r i t a n t s .  
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7. Dehumidif icat ion 

Dehumidi f icat ion i s  a p o t e n t i a l l y  useful  technique f o r  reducing 

formaldehyde emissions from b u i l d i n g  materials. Andersen e t  al.'s 

(1975) t e s t  resu l t s  o f  par t i c leboard  i n  a closed chamber a t  22OC and a 

0.5 ach v e n t i l a t i o n  r a t e  showed t h a t  a decrease i n  r e l a t i v e  humidi ty 

from 70 t o  30% w i l l  drop formaldehyde leve ls  by 50%; they derived a 

1 inear co r re la t i on  between formaldehyde concentrat ion and absol Ute 

humidi ty (i.e., not  r e l a t i v e  humidity). Berge e t  al. (1980) found a 

1 inear  re la t i onsh ip  between the formaldehyde concentrat ion i n  a closed 

system (no ven t i l a t i on )  and r e l a t i v e  humidi ty which indicates a 17% 

increase i n  formaldehyde concentrat ion w i t h  a 10% increase i n  r e l a t i v e  

humid i t y .  Formaldehyde r e l e a s e  f rom UFFI i s  a l s o  a f u n c t i o n  o f  

h u m i d i t y  (Long e t  al., 1979). No s t u d i e s  have been per fo rmed i n  

actual homes t o  determine the e f f e c t  o f  dehumidi f icat ion on indoor 

formaldehyde concentrations. Also, i t  i s  possible t h a t  dehumidif ica- 

t i o n  may slow the ra te  of formaldehyde emission from mater ia ls  bu t  not 

decrease the t o t a l  amount o f  formaldehyde emi t ted  over time. 

Dehumidi f icat ion can be accomplished by employing res iden t ia l  

dehumidif iers, by l oca l  v e n t i l a t i o n  near humidi ty sources (e.9.. use 

o f  bathroom fans t h a t  exhaust t o  outside), o r  by p rov id ing  v e n t i l a t i o n  

w i t h  outdoor a i r  when the outdoor a i r  i s  less humid than indoor air .  

While dehumidi f icat ion w i l l  not  solve severe formaldehyde problems, i t  

may be combined w i t h  other measures and, by i t s e l f ,  might be able t o  
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coun te rac t  smal l  inc reases  i n  i ndoor  formaldehyde concen t ra t i ons  

caused by i n f i l t r a t i o n  reduct ion from house t ightening. 

8. Ammonia Fumigation 

Formal dehyde-emi t t i n g  mater ia l  s can be exposed t o  an atmosphere 

containing ammonia t o  reduce emission rates. According t o  Walker 

(19751, formaldehyde and ammonia react t o  y i e l d  hexamethylenetetra- 

m i  ne. 

An i n d u s t r i a l  process f o r  t r e a t i n g  pressed wood products w i t h  an 

ammonia atmosphere was described by Simon (1980). His data ind ica te  

dramatic decreases i n  f ree  formaldehyde content due t o  the fumigat ion 

process. 

I n - s i t u  ammonia treatment has also been invest igated and appears 

t o  be one o f  the more promising i n - s i t u  techniques. I n  a procedure 

desc r ibed  by J e w e l l  (1980, 1981). ammonium hyd rox ide  i s  p laced  i n  

sha l l ow  pans i n  every  ma jo r  room o f  a residence, and the  house i s  

sealed f o r  a t  l eas t  twelve hours wh i le  fans c i r c u l a t e  the indoor a i r  

and the indoor temperature i s  maintained a t  27% o r  higher. Jewel l  

used t h i s  techn ique i n  t w e l v e  mob i l e  homes and r e p o r t e d  45 t o  90 

percent i n i t i a l  reductions i n  formaldehyde concentrations and 39 

percent t o  81 percent reductions i n  four homes monitored a f t e r  a 40- 

to-60 week period. Trained technicians may be required f o r  i n - s i t u  
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ammonia fumigation because the process can be hazardous i f  performed 

improperly or w i t h o u t  proper safety equipment. 

Gesser (1983) determined i n  laboratory experiments t ha t  ammonia 

fumigation can a l so  reduce the formaldehyde emission ra te  from UFFI to  

one tenth o r  l e s s  of the i n i t i a l  value. Repeated increases i n  tem- 

perature o r  humidity reduced the e f f e c t  of the ammonia treatment., b u t  

repeated treatment w i t h  ammonia may be a viable control technique. 

9. Q u a l i t y  Control 

Improving the quality control during the manufacturing of pressed 

wood products o r  the in s t a l l a t ion  of UFFI i s  an important component of 

s t r a t eg ie s  to  reduce formaldehyde emission rates. 

Par t icu lar ly  w i t h  UFFI, poor quali ty control has often been c i ted  

as the cause of large formaldehyde emission rates. UFFI i s  produced 

by mix ing  a t  t h e  i n s t a l l a t i o n  s i t e ,  a UF r e s i n  c o n t a i n i n g  

p l a s t i c i ze r s ,  a surfactant (foaming agent) containing ca t a lys t s  o r  

hardeners ,  a n d  a i r  using a spec ia l  foaming gun and i n j e c t i n g  the 

mixture  i n t o  wall c a v i t i e s .  Because t h e r e  were thousands of 

i n s t a l l e r s ,  quali ty control was d i f f i c u l t  t o  maintain. The following 

quality control procedures have been suggested t o  reduce formaldehyde 

problems associated with UFFI (Rossiter e t  al., 1977; Committee on 

Indoor Pollutants,  1981): i n s t a l l a t ion  only by trained personnel; no 



Control of Formaldehyde Concentrations: Literature Review 193 

foam i n  a t t i c s  o r  ce i l ings ;  no foams d i r e c t l y  exposed t o  indoor o r  

outdoor environment; proper maintenance o f  foaming equipment; resins 

or  foaming agents older than the manufacturers' recommended she l f  l i f e  

shou ld  n o t  be used; r e s i n s  and foaming agents shou ld  be s t o r e d  a t  

proper temperatures; temperature o f  res in  and foaming agent during 

mixing and temperature o f  w a l l  cavaties should be w i t h i n  a speci f ied 

range; no foaming a t  high humidi t ies;  no excessive formaldehyde i n  

res in  or excessive ca ta l ys t  i n  foaming agent; proper r a t i o  o f  r e s i n  t o  

foaming agent; and appearance and s e t t i n g  t i m e  o f  foam shou ld  be 

checked m e d i a t e l y  before appl ication. 

P roduc t i on  o f  pressed wood p roduc ts  i s  an even more complex 

process than production o f  foam and obviously, poor qua l i t y  control  

dur ing manufacturing could lead t o  problems. Matthews e t  al. (1983) 

described both improved moni t a r i n g  technology f o r  q u a l i t y  control  and 

s t a t i s t i c a l  considerations f o r  q u a l i t y  control .  Myers (1983) con- 

cluded tha t  two standard techniques t o  determine formaldehyde emission 

rates could not be used as the basis f o r  r e l i a b l e  product standards 

Unless a la rge  fac to r  o f  safety was incorporated. 

10. Source Mod i f i ca t ion  Summary 

It i s  c lea r  tha t  substant ia l  reductions i n  formaldehyde emission 

ra tes  can r e s u l t  from the various source modif icat ions noted above. 

Two obvious questions are: 1) w i l l  source mod i f i ca t ion  and qua l i t y  
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cont ro l  procedures be s u f f i c i e n t  t o  solve the formaldehyde problem, 

and 2 )  w i l l  the appropriate source modif icat ions be incorporated i n t o  

manufacturing processes. With ava i lab le  data, conclusive answers t o  

these ques t ions  cannot be determined; an i m p o r t a n t  f a c t o r  i s  the  

indoor concentrat ion above which a problem i s  considered t o  exist.  

Some in fo rmat ion  relevant t o  these questions i s  provided by Hawthorne 

and Gammage (1982) and Matthews e t  al. (1983b). 

Hawthorne and Gammage determined the formaldehyde emission rates 

from nine UFFI t e s t  panels fabr ica ted  i n  1980 and aged f o r  over one 

year inc lud ing  one panel t h a t  incorporated phenol i n  the res in  and one 

w i t h  a formaldehyde scavenger. Substant ia l  var ia t ions  i n  emission 

ra te  were measured; the emission rates o f  the two panels noted above 

were approximately 54% and 76%, respect ively,  o f  the average emission 

r a t e  and rough ly  a t  t he  median o f  t he  emiss ion  r a t e s  f o r  t he  n i n e  

pane ls  tested. Us ing  a s i m p l e  t h e o r e t i c a l  model and the  average 

emission r a t e  (measured under s imulated indoor condit ions). they e s t i -  

mated indoor concentrat ions o f  0.05 t o  0.25 ppm due t o  the presence o f  

UFFI i n  houses w i t h  t yp i ca l  a i r  exchange rates. Subs tan t ia l l y  h igher 

o r  lower concentrat ions could r e s u l t  i n  actual use i f  the humidi ty o r  

temperature d i f f e r e d  from t h e i r  t e s t  condi t ions f’25oC and 50% RH). 

Matthews e t  al. (1983b) predicted the indoor formaldehyde con- 

cent ra t ion  i n  a hypothet ical  room w i t h  various combinations o f  f o r -  

maldehyde sources and w i t h  a i r  exchange rates o f  0.25 t o  5.0 h-l .  The 
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emiss ion  r a t e  data used f o r  t he  p r e d i c t i o n s  was f a i r l y  recen t  (i.e., 

taken between 1981 and 1983). The p r e d i c t e d  i ndoor  concentrat ions 

ranged f rom 0.07 t o  0.28 ppm w i t h  an a i r  exchange r a t e  o f  0.5 h'l and 

were as h i g h  as 0.38 ppm a t  a v e n t i l a t i o n  r a t e  o f  0.25 h-l. 

Thus, w i t h  s u b s t a n t i a l  l oad ings  o f  t he  types o f  UF-based b u i l d i n g  

m a t e r i a l s  produced d u r i n g  the  pas t  few years, a v a i l a b l e  data suggests 

t h a t  i ndoor  formaldehyde concentrat ions cou ld  f r e q u e n t l y  and s i g n i f i -  

c a n t l y  exceed t h e  most s t r i n g e n t  guide1 i n e s  f o r  formaldehyde (i.e., 

0.1 ppm). Because o f  r e d u c t i o n s  i n  f o r m a l d e h y d e  e m i s s i o n  r a t e s ,  

however, t h e  i ndoor  formaldehyde concen t ra t i ons  r e s u l t i n g  f rom the  use 

o f  many r e c e n t l y  o r  p r e s e n t l y  a v a i l a b l e  formaldehyde-emi t t ing b u i l d i n g  

m a t e r i a l s  should be l o w e r  than the  concentrat ions observed i n  the  pas t  

i n  b u i l d i n g s  w i t h  s i m i l a r  l oad ings  and v e n t i l a t i o n  rates. F u r t h e r  

improvements i n  t h e  fo rma l  dehyde-emission c h a r a c t e r i s t i c s  o f  these UF- 

based m a t e r i a l s  may con t inue  i n  t h e  future. 

0. Sea l ing  Wall  C a v i t i e s  

F o r  t h e  case o f  UFFI, w h i c h  i s  i n s t a l l e d  i n  w a l l  c a v i t i e s ,  a 

p o t e n t i a l  c o n t r o l  technique i s  t o  apply sea lan ts  t o  i n h i b i t  t he  t rans -  

p o r t  o f  formaldehyde f rom the  UFFI t o  indoors. Seal ing o f  cracks, 

e l e c t r i c a l  o u t l e t  boxes, and o t h e r  pene t ra t i ons  through w a l l s  has been 

one o f  the most commonly employed techniques by the  Canadian UFFI 

Center t o  reduce formaldehyde concentrat ions i n  Canadian homes w i t h  
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UFFI (Bowen e t  al., 1981). The e f f e c t i v e n e s s  o f  t h i s  technique w i l l  

depend on how success fu l l y  t he  seal i n g  process can reduce formaldehyde 

e n t r y  and on the presence o f  a l t e r n a t i v e  formaldehyde sources. Be- 

cause s e a l i n g  w i l l  r e d u c e  i n f i l t r a t i o n  r a t e s ,  i t  can i n c r e a s e  t h e  

i ndoor  concen t ra t i on  o f  p o l l u t a n t s  e m i t t e d  f rom sources o t h e r  than 

UFFI. 

E. Removal o f  Formaldehyde from Indoor  A i r  

Formaldehyde removal f rom the indoor  a i r  can be e i t h e r  an a c t i v e  

or  pass ve process. A c t i v e  a i r - c i r c u l a t i o n  devices can process l a r g e  

volumes o f  a i r  b u t  t he  fans used f o r  t h e  a i r  movement cause noise, 

r e q u i r e  maintenance, consume e l e c t r i c i t y ,  and may be cos t l y .  Passive 

techniques (e.g., c o a t i n g  o f  w a l l s  w i t h  formaldehyde scavengers) r e l y  

on t h e  n a t u r a l  movement o f  i n d o o r  a i r  and, t h e r e f o r e ,  may r e q u i r e  

l i t t l e  maintenance; however, t h e  e f f e c t i v e n e s s  o f  pass ive techniques 

has rece ived  l i t t l e  study. Removal o f  formaldehyde by adso rp t i on  and 

abso rp t i on  are discussed b e l  ow. 

1. Adsorpt ion 

The technique o f  a i r  c lean ing  by adso rp t i on  was descr ibed i n  a 

p rev ious  section. Most s tud ies  o f  adsorption-based formaldehyde con- 

t r o l  have focussed on the use o f  chemical adsorbents. Recent s tud ies  

o f  t he  use o f  adsorbents f o r  formaldehyde c o n t r o l  a re  rev iewed below. 
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Several of these studies have focussed on the use of porous alumina 

impregnated w i t h  potassium permanganate available commercially under 

the tradename "Purafil". 

Jewel1 (1980) b u i l t  an a i r  circulation/cleaning device containing 

36 kg of Purafil t ha t  reduced formaldehyde leve ls  in a mobile home 

from approximately 0.5 t o  0.1 ppm f o r  130 days. The a i r  circulation 

r a t e  through the device was 730 l / s  o r  13.6 house volumes per hour. 

The cost  fo r  the Purafil  was $112 (o r  S3/kg a t  1980 prices) and the 

e s t i m a t e d  t o t a l  c o s t  f o r  t he  system was $442. The capac i ty  (i.e., 

l i f e t ime)  of the Purafil under these conditions was not determined. 

Eriksson e t  al. (1980) studied the removal of formaldehyde from 

a i r  ( w i t h  typical indoor formaldehyde concentrations) by Purafil and 

other adsorbents (activated carbon, activated aluminum oxide, treated 

calcium carbonate, activated carbon impregnated w i t h  urea and ammonium 

sulphate, activated aluminum oxide impregnated w i t h  urea and ammonium 

sulphate, and a ceramic material impregnated w i t h  potassium permanga- 

na te ) .  They concluded t h a t  only P u r a f i l  and t h e  ceramic ma te r i a l  

impregnated w i t h  potassium permanganate were promising for  indoor 

formaldehyde control. The capacity of t h e  Purafil  was given as 4 g 

formaldehyde pe r  kg Purafil based on f i e ld  data and be t t e r  than 16 g 

formaldehyde per k g  based on laboratory data; th is  discrepancy i n d i  - 
cated tha t  gases other than formaldehyde may have consumed the P u r a f i l  

d u r i n g  f i e l d  use. In f i e l d  t e s t s  both an active a i r  cleaning device 
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containing P u r a f i l  and a passive device, c o n s i s t i n g  of Puraf i l  i n  a 

f i l t e r  C l Q t h  suspended i n  the room a i r ,  s u b s t a n t i a l l y  reduced f o r -  

maldehyde concentrat ions (i.e.. 17 t o  72% reductions). 

The Formaldehyde I n s t i t u t e  sponsored an evaluat ion of adsorbents 

f o r  formaldehyde  by A r t h u r  0. L i t t l e ,  Inc., (1981). I n  l a b o r a t o r y  

screening tests using higher inlet formaldehyde concentrat ions than 

t y p i c a l l y  found indoors, three adsorbents: P u r a f i l ,  Calgon ASC char- 

c o a l  ( i m p r e g n a t e d  w i t h  copper ,  chromium, and s i l ve r  o x i d e s ) ,  and 

Barnebey-Cheney CI (propr ie ta ry  modified charcoal 1 had a g r e a t e r  capa- 

c i t y  f o r  formaldehyde ( -25 g formaldehyde per  kg adsorbent a t  50% 

formaldehyde removal e f f i c i e n c y )  than the o t h e r  adsorbents  screened: 

Hopcal i te  (a  copper oxide on support  mater ia l  1; molecular sieve (3A); 

MSA KI charcoal (potassium iodide-i mpregnated); Amersorb XE-347 (an 

a c t i v e  c a r b o n i z e d  polymer) ;  and a l u m i n a  ( i m p r e g n a t e d  w i t h  u r e a ,  

ammonium chlor ide ,  o r  chromia). Following the laboratory s tudies ,  a 

formaldehyde control  device (es t imated  i n i t i a l  c o s t  o f  $1000) w i t h  

P u r a f i l  a n d / o r  Calgon ASC c h a r c o a l  was f a b r i c a t e d  and t e s t e d  i n  a 

mobile home ( A r t h u r  D. Little, 1981b). Tests were conducted using 

each adsorbent independently and w i t h  charcoal upstream of the Puraf i l  

( - 8.6 kg of  P u r a f i l  and 6.8 kg of  c h a r c o a l  a t  a t o t a l  c o s t  o f  

approximately $100 o r  $6.5/kg). Approximately 270 l / s  (575 f t3 /min)  

of a i r  was c i r c u l a t e d  through the adsorbents  using a 1500 Watt (two- 

horsepower) blower and d i rec ted  i n t o  the mobile home's furnace d u c t  

system. I n i t i a l  formaldehyde concentrat ions of 1.3 t o  1.8 ppm ( w i t h  
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i n t e r i o r  temperatures o f  80 t o  9 0 T )  dropped t o  0.2 t o  0.3 ppm w i t h  

i n i t i a l  operation o f  the cont ro l  device, bu t  a f t e r  one t o  f i v e  days o f  

operation, indoor formaldehyde concentrat ions returned t o  o r i g ina l  

levels. I t  i s  d i f f i c u l t  t o  f u l l y  assess the performance o f  the con- 

t r o l  device because i n l e t  and o u t l e t  formaldehyde concentrations were 

not general ly measured and because the temperature i n  the mobile home, 

which grea t ly  a f fec ts  the formaldehyde emission rate, var ied substan- 

t i a l l y .  The formaldehyde removal e f f i c i ency  o f  the control  devices, 

based on a whole-house mass balance and a constant formaldehyde source 

strength dropped rapidly,  i.e., from 44% t o  5% over a 90-hour period. 

I t  was concluded t h a t  contaminants other than formaldehyde had reduced 

the Pura f i l ' s  capacity f o r  formaldehyde. Because o f  the high i n i t i a l  

cost, the estimated cost o f  SlOO/month f o r  adsorbent, and the high fan 

power requi rernent, the study was te rmina ted  

One add i t iona l  survey o f  adsorbents f o r  formaldehyde control  was 

conducted by Eian (1983). A granular carbon (Witco 965 12 x 20 mesh) 

was impregnated w i t h  various mater ia ls  (30 t o t a l )  by immersion i n  an 

impregnating bath and then dried. I n  addit ion, three commercially 

ava i lab le  adsorbents (Barnebey Cheney C I ,  Norton Formaldehyde Sorbent, 

and P u r a f i l )  were evaluated. Sorbent beds (61 cm2 face area and 3.2 

cm i n  depth) were challenged w i t h  an a i rs t ream (64 l /min, 27 t o  30OC. 

50% RH) containing 100 ppm formaldehyde. The "service l i f e "  o f  the 

adsorbent beds, defined as the t ime elapsed before 1 ppm formaldehyde 

was detected i n  the o u t l e t  a i r ,  ranged from 0 t o  260 minutes. Signi-  
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f i can t  service l i f e s  (i-e.. 49 minutes or grea te r )  were measured fo r  

the following impregnates o r  materials: water-soluble non-volatile 

secondary amino alcohols; amino acid impregnants deposited as acid 

neutralized sa l t s ;  amino sulfonic acids; methane sulfonamide; succini- 

mide; aromatic ammonium s a l t s ;  Norton Formaldehyde Sorbent; and Pura- 

f i l .  Data on t h e  mass of adsorbents were not provided, t h u s ,  their 

capacity f o r  formaldehyde cannot be determined precisely. By assuming 

an adsorbent bulk density o f  0.75 g/cm3, rough estimates of capacity 

a t  99% removal e f f i c i e n c y  can be made; these c a l c u l a t i o n s  y i e l d  a 

capacity of 2.6 g/kg fo r  Purafil  and 13 g/kg f o r  the adsorbent w i t h  

the  g r e a t e s t  s e r v i c e  l i f e  ( a c t i v a t e d  charcoa l  impregnated w i t h  

sulfamic acid sodium s a l t ) .  

T h i s  data indicates t ha t  available chemical adsorbents can e f f i -  

c ien t ly  remove formaldehyde from a i r  b u t  they have a l imi ted  capacity 

for formaldehyde. Capacities of 0 t o  25 grams formaldehyde per kilo- 

gram adsorbent a r e  indicated f o r  adsorbent beds in laboratory studies. 

Some f i e ld  studies have indicated la rge  reductions i n  capacity com- 

pared to  laboratory r e su l t s  and this  reduction has been a t t r ibu ted  t o  

load ing  of the adsorbents  by gases  o t h e r  than formaldehyde. T h e  

amount of formaldehyde removal necessary per year t o  have a s ign i f i -  

cant impact on the indoor concentration is  generally a t  l e a s t  a few 

hundred grams. For example, one a i r  change per hour of vent i la t ion  i n  

a 340-m3 house w i t h  an indoor concen t r a t ion  of 0.1 ppm removes 

approximately 360 g/year of formaldehyde; removal ra tes  of 370 t o  8300 
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g/year a re  i n d i c a t e d  i n  t h e  A r t h u r  D. L i t t l e  (198a) r e p o r t  as neces- 

s a r y  i n  m o b i l e  homes w i t h  h i g h l y  e l e v a t e d  (1-3 ppm) f o r m a l d e h y d e  

c o n c e n t r a t i o n s .  F o r  an a d s o r b e n t  w i t h  a f i e l d  c a p a c i t y  f o r  

formaldehyde o f  5 g/kg, a c o s t  o f  $6/kg, and a r e q u i r e d  y e a r l y  removal 

r a t e  o f  400 g, t h e  t o t a l  c o s t  o f  adsorbent pe r  y e a r  would be $600. I n  

many cases g r e a t e r  q u a n t i t i e s  o f  a d s o r b e n t  w o u l d  be r e q u i r e d  and 

a d d i t i o n a l  cos ts  i n c u r r e d  f o r  t h e  equipment and opera t i on  o f  a fan. 

Unless t h e  data rev iewed here i s  g r e a t l y  i n  e r r o r  ( f o r  example the  

P u r a f i l  p roduc t  l i t e r a t u r e  i n d i c a t e s  a " f i e l d  corrected"  capac i t y  o f  

150 g/kgl, i t  i s  c l e a r  t h a t  adsorbents w i th  a s i g n i f i c a n t l y  g rea te r  

capac i t y  o f  formaldehyde o r  a l o w e r  c o s t  are r e q u i r e d  f o r  adso rp t i on  

t o  be a p r a c t i c a l  formaldehyde c o n t r o l  technique. 

2. Absorpt ion 

A b s o r p t i o n  a i r  c l e a n i n g ,  a l s o  known as gas s c r u b b i n g  o r  a i r  

washing, i s  commonly employed t o  remove contaminants f rom i n d u s t r i a l  

waste-gas streams. I n  an a i r  washing process t h e  p o l l u t a n t  i s  removed 

f r o m  t h e  a i r  by d i s s o l u t i o n  i n  a l i q u i d .  The l i t e r a t u r e  i n c l u d e s  

severa l  i n v e s t i g a t i o n s  o f  a i r  washing f o r  t h e  removal o f  formaldehyde 

f rom concentrated waste-gas streams; however, s ince  these s tud ies  were 

concerned  w i t h  i n d u s t r i a l  a p p l i c a t i o n s ,  i t  i s  n o t  known i f  t h e  

processes s tud ied  would be s u i t a b l e  f o r  i ndoor  use. 
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One study o f  a i r  washing f o r  indoor formaldehyde cont ro l  has been 

completed and a second inves t iga t ion  i s  i n  progress. The completed 

study, by Pedersen and F isk  (1984) included laboratory tes ts  o f  two 

fu l l - sca le  a i r  washers, der iva t ion  o f  a mathematical model o f  an a i r  

washer, and a comparison o f  a i r  washing and v e n t i l a t i o n  as i ndoor  

formaldehyde cont ro l  techniques. The experimental a i r  washers employed 

wa te r  as the  washing so l ven t ;  a p o r t i o n  o f  t he  washing l i q u i d  was 

continuously replaced w i t h  f resh water. A r e f r i g e r a t i o n  system was 

used t o  prevent evaporation o f  the water and resu l tan t  humid i f i ca t i on  

o f  the indoor air .  The a i r  washers were tested w i t h  constant i n l e t  

formaldehyde concentrat ions between 0.07 - 0.4 ppm. A i r  f l ow  ra tes  

th rough the  devices were 100 - 160 l / s .  The formaldehyde removal 

e f f i c i e n c i e s  (defined as the f r a c t i o n  o f  i n l e t  formaldehyde tha t  was 

removed from the airstream) o f  the two a i r  washers were 0.30 - 0.63. 

The water requirements were 0.5 - 8.0 l / h  and the power requirement 

fo r  an a i r  washer w i t h  a 140 l / s  a i r  f l ow  ra te  was estimated t o  be 

1500 - 1800 W ( inc lud ing  the r e f r i g e r a t i o n  cycle). 

The study also found tha t  the energy required t o  operate an a i r  

washer i n  a residence could be l ess  than the energy required t o  remove 

an equivalent amount o f  formaldehyde by v e n t i l a t i o n  (even when the 

v e n t i l a t i o n  system incorporated heat recovery). This energy advan- 

tage r e s u l t s  because a i r  washer o p e r a t i o n  does n o t  i nc rease  the  

heat ing load o f  a bu i l d ing  by increasing the a i r  exchange rate; i n  

f a c t ,  a i r  washer o p e r a t i o n  reduces the  l o a d  on the  h e a t i n g  system 
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because the power consumed by the a i r  washer i s  re jec ted  t o  the indoor 

space. The energy advantage o f  a i r  washing over v e n t i l a t i o n  i s  

l im i ted ,  however, t o  residences located i n  co ld  c l imates which use 

expensive forms o f  energy f o r  heating. 

An addi t ional  component o f  the study by Pedersen and Fisk (1984) 

was the measurement of formaldehyde removal by a i r  dehumidi f iers which 

condense water vapor on the co ld  evaporator c o i l  o f  a r e f r i g e r a t i o n  

system. As w i t h  an a i r  washer, a condensate-coated c o i l  provides a i r -  

to-water contact and, thus, formaldehyde may be dissolved i n t o  the 

water. Two d e h u m i d i f i e r s  were tes ted :  one had a s imp le  c o i l  

cons is t ing  of a c o i l e d  tube; the second had a c o i l  t h a t  was f inned t o  

provide add i t iona l  surface area. The t e s t s  showed t h a t  the f inned 

coil  had a moderate formaldehyde removal ra te  when the a i r  supplied 

had a high humidity. However, when the humidi ty was low, such as i s  

o f ten  the case i n  a b u i l d i n g  located i n  a co ld  cl imate, very l i t t l e  

condensate was present so 1 i t t l e  formaldehyde was removed from the 

air .  The unfinned c o i l  w i t h  a small  surface area had l i t t l e  formalde- 

hyde removal capab i l i t y ,  even when the supply a i r  humidity was high. 

The authors suggested t h a t  an a i r  condi t ioner operating where the a i r  

humidi ty was high would remove formaldehyde a t  a moderate ra te  since 

condensate would be present on the co ld  c o i l  o f  the d i r  condit ioner. 

Since it i s  known t h a t  indoor formaldehyde source strengths w i l l  

increase as the indoor concentrat ion i s  reduced, the authors concluded 
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t h a t  e f f e c t i v e  a i r  washers w i l l  o f t e n  r e q u i r e  even h ighe r  a i r  f l o w  

r a t e s  and formaldehyde removal e f f i c i e n c i e s  than the  exper imenta l  

u n i t s  tested. T e s t i n g  of an a i r  washer w i t h  a h ighe r  a i r  f l o w  f a t e  i s  

t he  goal of a study underway by the  Saskatchewan Research Counci l  i n  

Canada. Water w i l l  a l s o  be employed as the  washing l i q u i d  i n  t h i s  a i r  

washer. 

F. Sumnary o f  Forma dehyde-Spec f i c  Con t ro l  Measures 

A v a r i e t y  o f  measures can be employed t o  he lp  m a i n t a i n  acceptable 

i ndoor  formaldehyde concentrat ions. It i s  c l e a r l y  d e s i r a b l e  t o  m i n i -  

m i z e  t h e  r a t e  o f  f o r m a l d e h y d e  e m i s s i o n  i n t o  t h e  i n d o o r  a i r .  One 

e f f e c t i v e  technique i s  t o  exclude or  min im ize  the  q u a n t i t i e s  o f  f o r -  

maldehyde-emi t t ing m a t e r i a l s  i n  the  b u i l d i n g  envelope and furn ish ings.  

Because these m a t e r i a l s  a r e  o f t e n  des i rab le,  however, techniques t o  

reduce formaldehyde emiss ion r a t e s  have been developed. The use o f  

a1 t e r n a t i v e  res ins ,  a d d i t i v e s  t o  the t r a d i t i o n a l  UF res ins ,  changing 

the r a t i o  o f  formaldehyde t o  urea i n  the r e s i n s  and changes i n  the 

c u r i n g  p r o c e s s  can g r e a t l y  r e d u c e  f o r m a l d e h y d e  e m i s s i o n  r a t e s .  

Coat ing or  impregnat ing the  sur faces o f  p a r t i c l e b o a r d s  w i t h  m a t e r i a l s  

t h a t  scavenge f r e e  formaldehyde o r  t h a t  impede t r a n s p o r t  o f  formalde- 

hyde and mo is tu re  through the  board's su r face  i s  a l s o  an e f f e c t i v e  

measure. The emiss ion r a t e s  f rom pressed-wood products  can a l s o  be 

reduced by aging and f u m i g a t i o n  w i t h  ammonia p r i o r  t o  i n s t a l l a t i o n .  

A t t e n t i o n  t o  q u a l i t y  c o n t r o l  d u r i n g  manufactur ing o f  pressed wood 
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products and p a r t i c u l a r l y  dur ing the i n s t a l l a t i o n  o f  UFFI appears t o  

be a c ruc ia l  component of e f fo r t s  t o  reduce formaldehyde emission 

rates. It i s  d i f f i c u l t  t o  assess the impact o f  these source control  

measures on indoor formaldehyde concentrations. Avai lable emission 

ra te  data suggest t ha t  w i t h  substant ia l  loadings o f  the types o f  UF- 

based mater ia ls  ava i lab le  i n  1981-1983, indoor formaldehyde Concentra- 

t i ons  could f requent ly and s i g n i f i c a n t l y  exceed the most s t r ingent  

gui del i nes (i.e., 0.1 ppm). Manufacturers have reduced formaldehyde 

emiss ions  ra tes ,  however, and f u r t h e r  r e d u c t i o n s  may occur  i n  t h e  

future.  

I n  e x i s t i n g  houses w i t h  elevated formaldehyde concentrations, 

fewer source-control options are available. Coating o f  surfaces may 

be e f f e c t i v e  based on a v a i l a b l e  l a b o r a t o r y  data b u t  t he  p r e f e r r e d  

coatings which scavenge f ree  formaldehyde are not r e a d i l y  ava i lab le  t o  

homeowners. Dehumidi f icat ion may cause moderate reductions i n  indoor 

concentration. Although the usefulness o f  ammonia fumigat ion f o r  

reducing the emission ra te  o f  formaldehyde from i n s t a l l e d  UFFI has not 

been established, i n - s i t u  ammonia fumigat ion deserves special at ten- 

t i o n  based on studies o f  i t s  ef fect iveness i n  mobile homes and because 

o f  i t s  low cost. 

Another control  strategy i s  t o  remove the formaldehyde from the 

indoor air .  I n  laboratory studies, i t  has been shown t h a t  numerous 

chemical adsorbents can remove formaldehyde from a i r .  Only a few o f  
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these adsorbents have been evaluated i n  actual f i e l d  studies. The 

data reviewed indicates t ha t  available adsorbents have l imited capaci- 

t i e s  for  formaldehyde and the capacit ies appear t o  be reduced in the 

f i e l d  perhaps because the adsorbents are loaded by materials other 

than formaldehyde. The frequent replacement of adsorbents t ha t  i s  

indicated as necessary from the available data would be very expen- 

sive; however, other adsorbents not ye t  developed o r  fu l ly  evaluated 

may prove to  be more practical  i n  the future. 

Formaldehyde can a l s o  be e f f e c t i v e l y  removed from a i r  by a i r  

washing w i t h  wa te r  (i.e.. abso rp t ion  of formaldehyde i n t o  water ) .  

Because water i s  inexpensive, i t  can readily be disposed o f  and re- 

placed with fresh water - a great advantage compared to  adsorption. 

One of t he  drawbacks of c u r r e n t  a i r  washing s t r a t e g i e s  i s  t h a t  a 

re f r igera t ion  system i s  required t o  prevent humidification of the 

indoor a i r  and t h i s  system consumes a s ign i f icant  amount of e l ec t r i ca l  

energy. In addition, a i r  washing equipment is  l ike ly  to  be f a i r l y  

expensive and this  technique has not ye t  been evaluated i n  the field.  

Because of the coup1 ing between formaldehyde emission r a t e  and indoor 

concentration, large amounts o f  a i r  will  generally have t o  be cleansed 

of formaldehyde (when e i t h e r  adsorption o r  absorption techniques a re  

employed) t o  have a l a rge  impact on the indoor concentration. 
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As with the indoor radon problem, i t  i s  apparent t h a t  a combina- 

t i o n  of measures are required f o r  e f f i c i e n t  control of indoor for- 

mal dehy de concen t r a  t i ons. 



6. Control of Gaseous Combustion Products: 
Literature Review 

A wide range of combustion products can be emitted by indoor 

combustion appliances and tobacco smoking; carbon monoxide, carbon 

dioxide, ni t r ic  oxide, nitrogen dioxide, sulfur dioxide, water' vapor, 

formaldehyde, and respirable particles. This chapter will concentrate 

on control of nitrogen dioxide, carbon monoxide, carbon dioxide, and 

sulfur dioxide. The other pollutants are either treated elsewhere in 

the document or are not considered to  be major problems a t  t h i s  time. 

Combustion pol 1 u t a n t s  are generated by clearly defined sources. 

This i s  an obvious advantage when attempting t o  control the concentra- 

t ions of these pol lutants  since source removal can always be con- 

sidered as an unambiguous f i r s t  step. The discussion presented below 

assumes tha t  t h i s  poss ib i l i ty  has been considered and, fo r  an  

appropriate reason, has been rejected. 

A .  Nitrogen Dioxide 

Nitrogen dioxide, N02, i s  produced from nitrogen and  oxygen 

present i n  'the a i r  in any process t h a t  exceeds a temperature of 

approximately 1800 K (Mitchell e t  al., 1975). These temperatures are 

seen i n  the flames of gas and kerosene combustion appliances; they a-e 

not seen i n  appliances using e l ec t r i ca l  res is tance elements for  

heating. Source replacement, e.9.. substituting electrical fo r  gas o r  

208 
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kerosene heaters, i s  therefore an appropriate technique fo r  reducing 

NO2 l eve ls  indoors. 

Modifications t o  gas appliances a re  currently being s t u d i e d  t o  

reduce average NO2 concentrations indoors. The open p i l o t  of a gas 

appliance has a small combustion rate. However, since i t  burns con- 

t i nuous ly  and emits p o l l u t a n t s  a t  a h igher  r a t e  than t h e  primary 

burners  i n  an appl iance  (Macr i ss  and E l k i n s ,  19771, i t  makes a 

s ign i f icant  contribution t o  the to ta l  average pollutant concentration 

i n  a space. Pollutant concentrations wil l  be reduced i f  the standing 

p i l o t s  a re  replaced by other types of ign i t ion  devices. 

A second major a rea  of i n v e s t i g a t i o n  i s  b u r n e r  modi f ica t ion .  

Mitchell e t  al. (1975) explored the use of wire meshes i n  the flame 

region to  conduct heat away from the ho t t e s t  portions of the flame and 

reduce the production of NO2. T h i s  procedure must be done carefully,  

f o r  i f  too much h e a t  i s  extracted from the flame region, the carbon 

monoxide burnout reactions a re  quenched. (Carbon monoxide is  primarily 

a product of incomplete combustion and i t s  emission ra t e  will  increase 

i f  the flame is cooled too much.) Indeed, one mesh configuration 

t h a t  was t r i e d  reduced N O 2  emiss ions  7 0  percen t  b u t  increased  CO 

emissions 7500 percent. The authors were able t o  demonstrate a double 

cylinder configuration fo r  t h e  mesh tha t  cooled the flame i n  stages, 

reducing the NO, emissions by approximately 6 2 %  while allowing the CO 

burnout t o  proceed fur ther  t o  completion; data on the reduction i n  NO2 
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emissions were not given. DeWerth and Sterbik (1983) conducted experi- 

ments t o  evaluate var ious configurations of steel-ring inserts i n  a 

range-top burner and demonstrated a 26% reduction i n  NO2 emission 

w i t h o u t  a dramatic increase in CO emission. Their experiments i l lu -  

strated t h a t  "judicious" placement of the rings was necessary. The 

report by DeWerth and Sterbik (1983) also includes a review of other 

burner modifications; however, the use of ring-inserts appeared to  be 

the most promising. T h i s  basic strategy of burner inserts has been 

adopted recently i n  a modification introduced by the gas industry to 

meet a new California Standard for controlling NO2 emissions from 

furnaces and water heaters (Gas Research Institute. 19831. 

In the past, the ovens w i t h i n  gas ranges were vented t o  the 

outside. While i t  i s  unlikely that ventilation ducts will once again 

be connected t o  modern ranges, the potential for improved uti l ization 

of the local vent i la t ion  provided by range hoods i s  an important 

strategy for reducing indoor NO2 concentrations. Several research 

effor ts  (Macriss and Elkins, 1977; Traynor e t  al. 1982; and Revzan, 

1984) have quantitatively demonstrated the substantial improvements i n  

a i r  q u a l i t y  when a range hood i s  used. The performance of range hoods 

was discussed i n  a previous section on local exhaust ventilation. 

The final control strategy f o r  NO2 t h a t  we s h a l l  discuss i s  

deliberate use o f  i t s  reactivity t o  control i t s  concentration w i t h  

space. As several researchers (Wade e t  al., 1975; Moschandreas 

the 

n a  

and  
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Stark, 1978; Yamanaka e t  al., 1979; and Traynor e t  al., 1982) have 

noted, ni t rogen dioxide concentrations decay i n  an indoor space by 

processes other than j u s t  ven t i la t ion .  The react ions t h a t  occur are 

n o t  comp le te l y  understood. The r a t e s  of NO2 removal by r e a c t i o n  

compare t o  r a t e s  o f  removal by v e n t i l a t i o n  i n  residences; t he  

tabulated react ion Constants fo r  NO2 i n  Table 2.1 ind ica te  removal 

ra tes  from 0.16 t o  greater than 1.29 h-l. Understanding the mechanisms 

o f  t h i s  removal process and r e l a t i n g  i t  t o  mater ia ls  t y p i c a l l y  found 

w i t h i n  bu i ld ings  i s  an area o f  cur ren t  interest .  

B. Carbon Monoxide 

Another combust ion p o l l u t a n t  w i t h  p o t e n t i a l l y  serious hea l th  

e f f e c t s  i s  carbon monoxide. Many o f  t h e  comments made above f o r  

ni t rogen dioxide apply equal ly we l l  t o  t h i s  pol lutant.  

Since indoor CO concentrat ions may be the r e s u l t  o f  indoor com- 

bust ion processes, source exclusion o r  the replacement o f  combustion 

sources w i t h  t h e i r  appropriate e l e c t r i c  counterpart i s  a f i r s t  control  

step. An i m p o r t a n t  CO source t h a t  i s  n o t  a ma jo r  NO2 source i s  

tobacco smoking. To emphasize the  impor tance o f  smoking as a CO 

source, Jaeger (19811 po in ts  ou t  the numerical s i m i l a r i t y  between the 

concentrat ion o f  CO contained i n  automobile exhaust and tha t  contained 

i n  mainstream c iga re t te  smoke. Exclusion o f  t h i s  source o f  CO could 

result from providing no-smoking zones i n  bu i ld ings  o r  from complete 
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elimination of smoking i n  the building. 

I f  source elimination i s  no t  possible, modification of the com- 

bustion processes to reduce CO generation can be considered. A t  th i s  

point, however, one encounters difficulty because of the complexity o f  

the combustion process. Many strategies that reduce the emission o f  

CO (i.e., techniques to increase the temperature of the flame) will 

tend t o  increase the NO2 emission rate. Therefore, modifications must 

be evaluated careful ly t o  determi ne their  effect  on emissions of a1 1 

pollutants and, i n  particular, CO and N02. 

Carbon monoxide i s  also a major exhaust pollutant from internal 

combustion engines. Therefore, i t  i s  essent ia l  t h a t  garages and  

loading docks be i so la ted  from occupied areas  o f  a building. A 

pa r t i cu la r  concern a r i s e s  when a building i s  constructed above a 

parking garage. Vent i la t ion systems and a i r  leakage paths must be 

monitored carefully t o  assure that CO and other pollutants from the 

vehicles are not  transported into the occupied space. 

Johnson e t  al. (1975) studied excessive CO levels i n  enclosed ice 

arenas and discovered t h a t  the dominant source was the exhaust from 

periodically used ice-resurfacing machines. They reported success i n  

controlling CO levels i n  these buildings by monitoring concentrations 

regular ly ,  increasing vent i la t ion  r a t e s ,  and  i n s t a l l i n g  c a t a l y t i c  

emission control devices on the resurfacing machines. 
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Studies o f  Koepsel 11976) and Leaderer e t  al. 11981) have shown 

tha t  CO is  not removed from indoor a i r  by processes other than venti- 

lation. T h u s ,  the major control s t r a t eg ie s  f o r  a non-reactive pollu- 

t a n t  such a s  carbon monoxide a r e  source removal, v e n t i l a t i o n ,  and 

source modification. 

C. Carbon Dioxide 

Carbon dioxide found w i t h i n  buildings has three primary sources: 

the co2 background concentration present i n  the outside a i r ,  the CO2 

from respiration processes of the building occupants, and the CO2 from 

combustion processes w i t h i n  the space. Carbon dioxide is  a primary 

combustion product. Measurements of t h e  CO2 emiss ion  r a t e s  from 

u n v e n t e d  combustion h e a t e r s  g ive  va lues  t h a t  a r e  commonly w i t h i n  

s eve ra l  pe rcen t  of the t h e o r e t i c a l  emiss ion  r a t e s  based upon fue l  

consumption. These r e s u l t s  a r e  independent of t he  tun ing  o f  t he  

device. F igure  6.1 i l l u s t r a t e s  t h e  s t a b i l i t y  of t h e  CO2 emiss ion  

process i n  a plot  o f  the steady-state concentration i n  a t e s t  house 

versus  v e n t i l a t i o n  r a t e  (Traynor e t  a l . ,  1983). The s o l i d  l i n e  

i l l u s t r a t e s  the inverse relationship expected between steady-state 

concen t r a t ions  and v e n t i l a t i o n  r a t e s  i f  t he  emiss ion  r a t e  of  t h e  

source i s  constant and i f  ventilation is  the only pollutant removal 

process. 
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F igu re  6.1 
use o f  unvented g a s - f i r e d  space heaters  versus t h e  a i r  exchange r a t e  of 
the house. Tests were conducc.ed i p  a 2Kl-171~ unoccuoied research house. 
The s o l i d  l i n e s  a re  e m o i r i c a l  f i t s  of t h e  data t o  t h e  r e c i p r o c a l  of t h e  
a i r  exchange r a t e  f o r  t he  304/30C and 168 heaters .  (Source: Traynor, e t  
n l ,  19A7) .  

Pro jec ted  s teady-state CO, concen t ra t i ons  associated x i t h  t h e  
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T h i s  f igure  is a l so  important f o r  understanding the poss ib i l i t i e s  

fo r  contrqll ing excess concentrations of C02 from unvented combustion 

appliances. As discussed above, source exclusion or  removal is the 

f i r s t  poss ib i l i ty  t o  consider. I f  such a step is not possible, one 

must move t o  source modification. However, source modification takes 

on a d i f f e r e n t  meaning w h e n  dea l ing  w i t h  Cop. The only p o s s i b l e  

modification t o  the building-combustion-device system tha t  would re- 

duce C02 emissions is  a modification tha t  would increase the thermal 

efficiency of the building shell  and therefore reduce the amount of 

fuel required t o  produce t h e  same thermal comfort w i t h i n  the space. 

This, t o  be sure, applies t o  a l l  the combustion-generated pollutants 

we are  considering -- however, i t  is the only modification tha t  will  

a f f ec t  CO2 production from unvented combustion in the space. 

Since Cop i s  non-reactive, control of excess C02 concentrations 

i n  the a i r  is  best done w i t h  ventilation. When this  is  not possible 

(e.g.. i n  a submarine) a i r  scrubbers using monoethanolamine have been 

employed (Carhart and Thompson, 1975). 

0. Sulfur Dioxide 

S u l f u r  dioxide i s  produced by combustion processes using fuels 

w i t h  a high s u l f u r  conten t .  The wide-spread adoption of unvented 

kerosene space heaters, t h e  increasing use of wood b u r n i n g  stoves, and 

t h e  h i g h  su l fur  content o f  some of the fuels used i n  these appliances 
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means t h a t  s u l f u r  d i o x i d e  can be a s i g n i f i c a n t  i n d o o r  as w e l l  as 

outdoor pq l  l u t a n t  (Leaderer, 1981; Traynor e t  al., 1982~) .  

Con t ro l  o f  s u l f u r  d i o x i d e  concen t ra t i ons  indoors e n t a i l s  e i t h e r  

source e l i m i n a t i o n ,  a t o p i c  t h a t  has been discussed above, or f u e l  

s u b s t i t u t i o n .  O f t e n  t h e  s u l f u r  con ten t  o f  a f u e l  i s  n o t  known. Con- 

sumers can, i f  they a re  c a r e f u l ,  f i n d  f u e l  sources t o  burn t h a t  are 

low i n  s u l f u r  and thereby reduce s u l f u r  d i o x i d e  concen t ra t i ons  i n -  

doors. 

S u l f u r  d i o x i d e  i s  a w i d e l y  s t u d i e d  outdoor  p o l l u t a n t .  It was 

recognized e a r l y  t h a t  i ndoor  concen t ra t i ons  o f  SO2 are  s u b s t a n t i a l l y  

l o w e r  than outdoor leve ls .  Several authors (Spedding and Rowlands, 

1970; Spedding, 1970, 1972; Spedding e t  al., 1971; and Walsh e t  al., 

1977)  have s t u d i e d  t h e  s o r p t i o n  o f  SO2 by t y p i c a l  i n d o o r  s u r f a c e s .  

Depos i t i on  v e l o c i t i e s  and s a t u r a t i o n  e f f e c t s  have been measured f o r  

wallpapers, pa ints .  and c a r p e t i n g  mater ia ls .  I nc reas ing  t h i s  n a t u r a l  

removal of SO2, perhaps by a i r  c i r c u l a t i o n  o r  i n c l u s i o n  o f  s p e c i f i c  

s u r f a c e  m a t e r i a l s  i n  t h e  i n d o o r  space, may a l s o  be h e l p f u l  f o r  

c o n t r o l l i n g  i ndoor  SO2 concentrat ions,  however, t h i s  t ype  of technique 

i s  n o t  l i k e l y  t o  be as e f f e c t i v e  o r  p r a c t i c a l  as source e l i m i n a t i o n  or 

f u e l  subs t i t u t i on .  
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E. Reducing Leakage o f  Combustion Products t o  Indoors 

Vented combustion appliances can be a s ign i f icant  indoor source 

of combustion products i f  there i s  leakage of these products into the 

indoor air .  An obvious control measure under these circumstances i s  

to reduce or  eliminate the leakage. T h i s  may involve replacement of a 

cracked heat exchanger i n  a furnace or various improvements t o  a vent 

system. Substi tution of a i r - t i gh t  wood stoves fo r  models t ha t  are not 

a i r  t i gh t ,  or use of non-air-tight stoves tha t  do not leak combustion 

products i n t o  the indoor a i r  a re  other possible measures. Reducing the 

episodic leakage of pollutants i n to  the indoor a i r  during warm up,  

loading of fuel,  o r  stoking of wood stoves o r  f i rep laces  may be more 

d i f f i c u l t ;  techniques tha t  increase the d ra f t  during these operations 

may be he1 pful. 

F. Sumnary 

Techniques to  control the indoor concentrations of combustion 

products f a l l  into the following categories: 1) source removal or 

exclusion, 2 )  source modification, 3 )  ventilation, and 4)  enhancing 

the removal of indoor pollutants by sorption on surfaces. Of these 

techniques ,  source removal o r  exc lus ion  i s  t h e  simplest and most 

e f fec t ive ,  b u t  the i n i t i a l  and operating cos ts  and performance of the 

subs t i t u t e  products must be considered. Substantial success has been 

r epor t ed  i n  modifying burner des igns  t o  reduce n i t rogen  d ioxide  
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emiss ion  ra tes .  I t  appears d i f f i c u l t  t o  reduce n i t r o g e n  d i  o x i  de 

emissions dramat ica l l y  w i thout  increasing carbon monoxide emissions, 

bu t  i n  some instances the reduct ion i n  ni t rogen dioxide emissions may 

be more important. Ven t i l a t i on  i s  an e f f e c t i v e  method o f  reducing 

i n d o o r  concen t ra t i ons  o f  combust ion products.  Loca l  exhaust 

v e n t i l a t i o n  a t  the po l l u tan t  source deserves p a r t i c u l a r  a t ten t i on  

because i t  i s  e f f e c t i v e  and energy e f f i c i en t .  Also, i f  the source i s  

periodic, the loca l  v e n t i l a t i o n  system need only be operated during 

t i m e s  o f  p o l l u t a n t  emission. The l a s t  p o t e n t i a l  c o n t r o l  measure 

desc r ibed  here, i n c r e a s i n g  the  s o r p t i o n  o f  combust ion p roduc ts  on 

i ndoor  sur faces  o f f e r s  some p o t e n t i a l  f o r  t h e  c o n t r o l  o f  n i t r o g e n  

dioxide and s u l f u r  d ioxide concentrations; however, the ef fect iveness 

and p r a c t i c a l i t y  o f  t h i s  strategy has no t  been demonstrated. 



7. Control of Respirable Particles: 
Literature Review 

A. Source Exclusion o r  Reduction 

A major indoor source o f  resp i rab le  pa r t i cu la te  matter i s  tobacco 

smoke. Other indoor sources include unvented combustion appl ianCeS 

such as gas stoves, ovens, and space-heaters, as we l l  as wood stoves, 

f i replaces, pets, cooking and cleaning a c t i v i t i e s ,  and general indoor 

t r a f f i c .  As w i t h  any contaminant, exclusion o f  the indoor source i s  

an e f f e c t i v e  and o f ten  economical means o f  reducing indoor concentra- 

t ions.  

1. Tobacco Smoke -- 

Tobacco smoking i s  a major source o f  indoor resp i rab le  part ic les.  

The sidestream emissions o f  tobacco smoke are estimated t o  be as much 

as 30 t o  40 mg per c iga re t te  (Committee on Indoor Pollutants, 1981). 

The most e f f e c t i v e  strategy f o r  reducing exposure from tobacco smoke 

contaminants i s  t o  exclude smoking from the indoor environment. When 

a complete ban on smoking i s  not  acceptable, segregation o f  smokers 

and non-smokers may be e f f e c t i v e  i n  reducing non-smoker exposure. The 

e f f e c t i v e n e s s  o f  t h i s  s t r a t e g y  v a r i e s  depending on, among o t h e r  

th ings ,  the  degree o f  m i x i n g  between t h e  segregated zones and the  

conf igura t ion  o f  the ven t i l a t i on  system. Measurements conducted by 

Repace and Lowrey ( 1 9 8 2 )  i n d i c a t e  s i g n i f i c a n t  concen t ra t i on  

21 9 
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differences between smoking and non-smoking sections. The indoor 

concentrat ions o f  resp i rab le  pa r t i cu la te  matter were observed t o  be 43 

and 60 percent lower i n  the non-smoking sections o f  two ca fe te r ias  and 

50 percent lower i n  the non-smoking sect ion o f  a sandwich shop. 

2. Unvented Gas-Fired Appliances 

The emission o f  resp i rab le  p a r t i c u l a t e  matter from natural  gas- 

f i r e d  app l iances  as r e p o r t e d  by Girman e t  a l .  (1982, 19831 a re  4.6 

mg/hr per burner f o r  a gas stove, 0.1 mg/hr f o r  a gas oven, and 0.2 t o  

3.2 mg/hr f o r  gas-f i red unvented space heaters. Thus, the pa r t i cu la te  

emissions from unvented gas- f i red  appliances are small on a mass basis 

compared t o  c igare t tes  bu t  may s t i l l  be s i g n i f i c a n t  on a number basis 

(e.g., f o r  radon progeny considerations). E l e c t r i c  appliances can be 

used as p a r t i c u l a t e - f r e e  a1 t e r n a t i v e s  t o  unvented g a s - f i  r e d  

appliances. 

3. Other Sources of Pa r t i c l es  --- 

P a r t i c l e  emiss ions  f rom sources, such as wood s toves  and 

f i replaces, vary widely, depending upon t h e i r  design and operation. 

Reduction o f  p a r t i c l e  emissions from these sources may be accomplished 

by s t ruc tu ra l  changes, such as a wood stove i n s e r t  i n  a f i r ep lace  or 

by r e p l a c i n g  f i r e p l a c e  screens w i t h  a tempered g lass  door, or by 

o p e r a t i o n a l  changes. Some o f  these methods a re  d iscussed i n  the  
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previous section on gaseous contaminant removal. 

The necessity f o r  source control of pa r t i c l e  emissions associated 

w i t h  occupant ac t iv i t i e s ,  such as cooking or  cleaning, wi l l  depend 

upon the source strength. Local ventilation, such as use of a range 

hood ducted to  the outside, may often provide the simplest control 

method. 

9. Removal o f  Respirable Pa r t i c l e s  from Indoor Air 

The working principles o f  par t icu la te  a i r  cleaning were described 

i n  a previous section. As discussed, pa r t i c l e s  i n  the s i ze  range of 

0.1 t o  0.5 v m  a re  the most d i f f i c u l t  t o  remove because they a re  too 

small fo r  interception o r  impaction t o  be ef fec t ive  removal processes 

and too  b i g  f o r  d i f f u s i o n  t o  be e f f e c t i v e .  P a r t i c l e s  i n  t h i s  s i z e  

range have a high probability of penetrating t o  the pulmonary com- 

partment of the lung where adverse health e f f ec t s  a r e  most l ike ly  t o  

occur and a l s o  c o n s t i t u t e  a s i g n i f i c a n t  mass- f rac t ion  of indoor 

respirable pa r t i c l e  matter. 

Offermann e t  al .  (1984) examined the performance of ten portable 

a i r  cleaners. The experiments were conducted i n  a room-sized chamber 

(36 m3)  using tobacco smoke as the t e s t  aerosol. The two parameters 

used t o  characterize the performance of the a i r  cleaners i n  t h i s  study 

a re  the e f fec t ive  cleaning r a t e  ( E C R )  and the system efficiency. The 
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ECR i s  calculated as the difference i n  particle decay rates observed 

w i t h  and without operation of the a i r  cleaner multiplied by the tes t  

chamber volume. Thus the ECR i s  the effective flow rate of particle- 

free a i r  t h a t  would produce the observed reduction i n  particle concen- 

tration. I t  provides a measure of how fas t  the device cleans the air. 

The system efficiency i s  calculated as  the ECR divided by the a i r  flow 

rate through the device and t h u s  provides information on how eff ic ient  

a particular device i s  i n  removing a certain size particle. The  small 

panel f i l t e r s  tested had low effective cleaning rates, between 0 and 

3.3 l / s  (0 - 7 cfm). The low particle removal rates of these devices 

are attributed t o  the low a i r  flow rates and the large fraction of the 

a i r  t h a t  bypasses the f i l t e r s .  The p a r t i c l e  removal e f f i c i enc ie s  

ranged from 0 t o  40 percent. The most eff ic ient  devices tested were 

the two extended-surface f i l t e r s ,  these devices were 86 and 100 per- 

cent eff ic ient  for removal of cigarette smoke particles and had ECRs 

of 27 and 85 l / s  (57 and 180 cfm), respectively. The two electro- 

s t a t i c  precipitators tested were about 58 percent efficit  it and had 

ECR's of - 57 l / s  (-120 cfm). In addition, the effects of forced-air 

circulation were investigated, and no measurable reduction n particu- 

la te  concentration was observed. 

McNall (1975) examined the performance o f  a n  e l e c t r o s t a t i c  

p rec ip i t a to r  i n s t a l l ed  i n t o  the forced-air  system of a 425-m3 

residence. I n  one tes t ,  where smoking was a t  t h e  rate o f  35 cigarettes 

per h o u r ,  the observed s teady-state  concentration w i t h  the 
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p r e c i p i t a t o r  running was more than a f a c t o r  of t h r e e  below t h e  

p red ic t ed  s t e a d y - s t a t e  concen t r a t ion  wi thou t  the p r e c i p i t a t o r  

energized. T h i s  corresponds to  a par t icu la te  removal efficiency of 

approximately 40 percent based on the reported flow ra t e  through the 

p r e c i p i t a t o r  of 350 l / s  (740 cfm). In a s i m i l a r  manner, a 

par t icu la te  removal efficiency of 60 percent may be inferred from an 

experiment conducted a t  a smoking r a t e  o f  12 c iga re t t e s  per hour. 

Silverman and Dennis (1956) conducted ex tens ive  tes ts  w i t h  a 

portable e l ec t ros t a t i c  precipitator.  Removal e f f ic ienc ies  fo r  tobacco 

smoke ranged from 85 t o  90 percent as determined by weight. In tests 

conducted w i t h  ragweed pollen, Ambrosia t r i f i d a ,  which has a count- 

median diameter of 20 vm,  the removal efficiency was observed t o  be 

g r e a t e r  than 99.9 percen t  a s  determined by count. A removal 

efficiency of 98 percent as determined by count was observed fo r  tests 

conducted w i t h  a b a c t e r i a ,  M. (Micrococcus) Candidus, which has a 

count-median d iameter  of 0.5-0.7 pm. The e f f e c t  of humidity on 

collection efficiency was also examined. In the range of 40 t o  60 

percent  r e l a t i v e  h u m i d i t y ,  no apprec i ab le  change i n  c o l l e c t i o n  

efficiency was detected. However, pa r t i c l e  removal efficiency was 

observed to  decrease from 99 t o  90 percent as determined by repeated 

dus t - spot  efficiency t e s t s  made over a two-week period. Ozone concen- 

t r a t ions  were observed t o  range from 3-20 ppb i n  the ou t l e t  airstream 

of the prec ip i ta tor  which is  a t  the threshold of odor perception b u t  

well below the National Ambient Air Qual i ty  Standard (NAAQS) of 120 
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ppb f o r  outdoor a i r .  

I n  a s e r i e s  o f  t e s t s  c o n d u c t e d  by Decker  e t  a l .  (19631, t h e  

e f f i c i e n c y  o f  va r ious  a i r  c lean ing  devices was examined f o r  removal o f  

b i o l o g i c a l  p a r t i c l e s  (e.g., b a c t e r i a  1 - 5 pm diameter). C o l l e c t i o n  

e f f i c i e n c i e s  ranged f rom 10% f o r  coarse- f ibered panel f i l t e r s  t o  60 - 
90% f o r  e l e c t r o s t a t i c  p r e c i p i t a t o r s  t o  90 - 100% f o r  h igh  e f f i c i e n c y  

extended-surface (HEPA-type) f i l t e r s .  I n  a s i m i l a r  s e r i e s  o f  exper i -  

ments conducted by Harstad e t  al.  (19671, HEPA-type f i l t e r s  were shown 

t o  be n e a r l y  100% e f f e c t i v e  a t  r e m o v i n g  t h e  s u b m i c r o n  v i r u s ,  T l  

bacteriophage, which has a mass-median d iameter  o f  0.17 pm. 

The e f f e c t  o f  nega t i ve  ion-generators  on i ndoor  concen t ra t i ons  o f  

r e s p i r a b l e  p a r t i c u l a t e  m a t t e r  has been t h e  f o c u s  o f  a number o f  

studies. I n  t e s t s  conducted by Offermann e t  a l .  (19841, a r e s i d e n t i a l  

nega t i ve  ion-generator  w i th  an i n t e g r a l  charged c o l l e c t i o n  sur face 

f a i l e d  t o  remove tobacco smoke f rom a 36-1-113 chamber un less  c i r c u l a t i n g  

fans were tu rned  on and even then the  removal r a t e  was very modest, 

w i t h  an ECR o f  5 l / s  (10 cfml. I n  t e s t s  w i t h  a h ighe r -vo l tage  commer- 

c i a l  negat ive ion-generator  an ECR o f  14 l / s  (30 c fm) was observed. 

Repace e t  al. (1983). have repo r ted  t e s t s  o f  nega t i ve  ion-generators  

conducted w i th  c i g a r e t t e  smoke i n  u n v e n t i l a t e d  rooms. The e f f e c t i v e  

c l e a n i n g  r a t e s  as c a l c u l a t e d  f rom these data range f rom 25 t o  38 l / s  

(54 t o  80 cfml. I n  a t e s t  o f  a commercial mul t i -un i t  ion-generat ion 

system conducted i n  a 333-m3 u n v e n t i l a t e d  church h a l l ,  an e f f e c t i v e  
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c l e a n i n g  r a t e  o f  147 l / s  (311 c fm) was observed. Thus i t  appears t h a t  

modest p a r t i c u l a t e  removal r a t e s  may be achieved by opera t i ng  negat ive 

ion-generators. 

A n o t h e r  f a c t o r  w h i c h  dese rves  c o n s i d e r a t i o n  i s  t h e  e f f e c t  o f  

p a r t i c l e  charg ing on depos i t i on  i n  t h e  human r e s p i r a t o r y  system. I n  

experiments conducted by Me1 andr i  e t  al. (1983). t o t a l  r e s p i r a t o r y  

depos i t i on  has been observed t o  increase l i n e a r l y  w i t h  an increase i n  

t h e  number o f  charges pe r  p a r t i c l e .  F u r t h e r  s tud ies  a re  needed t o  

d e t e r m i n e  w h a t  e f f e c t  i o n i z e r s  have on t h e  dose o f  r e s p i r a b l e  

p a r t i c l e s  t o  humans. 

C. Sumnary 

I n  a d d i t i o n  t o  v e n t i l a t i o n ,  which was discussed i n  a prev ious 

s e c t i o n ,  t w o  b a s i c  s t r a t e g i e s  were i d e n t i f i e d  f o r  t h e  c o n t r o l  o f  

r e s p i r a b l e  p a r t i c l e s .  The f i r s t  s t r a t e g y  t o  c o n s i d e r  i s  sou rce  

e x c l u s i o n  o r  r e d u c t i o n  because o f  i t s  e f f e c t i v e n e s s  and t h e  l ack  o f  

assoc iated l o n g  te rm energy o r  maintenance costs. 

The second bas i c  s t r a t e g y  i s  removal o f  t h e  r e s p i r a b l e  p a r t i c l e s  

f rom the  i ndoor  a i r .  There i s  a wide v a r i a t i o n  i n  the  a b i l i t i e s  o f  

v a r i o u s  t y p e s  o f  a i r  c l e a n i n g  d e v i c e s  t o  remove r e s p i r a b l e  

p a r t i c u l a t e  matter. Res iden t ia l  furnace f i l t e r s  and panel f i l t e r s  

such as those used i n  some p o r t a b l e  a i r  c leaners a re  n o t  e f f e c t i v e  i n  
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removing respirable-size part ic les.  Pa r t i c l es  i n  t h i s  s ize  range are 

espec ia l l y  d i f f i c u l t  t o  remove because o f  inherent aerodynamic con- 

siderations. E lec t ros ta t i c  p rec ip i t a to rs  have been demonstrated t o  be 

50 t o  90% e f f i c i e n t  i n  removing a w ide  v a r i e t y  o f  r e s p i r a b l e  s i z e  

par t i c les ,  wh i le  extended-surface area f i l t e r s  may remove from 70 t o  

99.99% o f  these part ic les.  As w i t h  any contaminant removal system, 

t h e  l o c a t i o n  o f  t he  dev ice  i n l e t  w i t h  r e s p e c t  t o  the  contaminant  

source i s  an important f ac to r  t h a t  can s i g n i f i c a n t l y  a f f e c t  the reduc- 

t i o n  i n  indoor p a r t i c l e  concentrations. We also note t h a t  w i t h  re -  

gards t o  tobacco smoke, removal o f  t h e  p a r t i c u l a t e  phase does n o t  

e l i m i n a t e  the  odor and i r r i t a n t  e f f e c t s  o f  tobacco smoke, many o f  

which r e s u l t  from exposure t o  the gas-phase contaminants produced. 
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