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Synopsis 

A i r  i s  the main transport medium fo r  contaminants i n  buildings. Minimizing source strengths has f i r s t  
p r i o r i t y ,  second i s  t o  control a i r  flow rates, supply and exhaust, and directions between zones i n  
buildings. 
Computer simulation models fo r  vent i la t ion  and pollutant spread in buildings have been proven t o  g ive 
useful predictions. Large measurement campaigns fo r  optimizing vent i lat ion and pol lutant  problems are 
complex and expensive. They are often jamned by too many vague parameters influencing the resul t .  The 
computer models are an al ternat ive and form a supplement t o  measurements. New vent i la t ion  systems or  
control strategies can be tested t o  some extent with the models. Measurements f o r  checks and 
determination of source and sink coef f ic ients f o r  d i f fe rent  materials are needed t o  tune the simulation 
models. 

L i s t  of symbols 
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=WHO emission ra te  a t  zero concentration 
=reduction coef f i c ien t  
= f i l t e r  e f f i c iency  
=the density o f  a i r  
=time constant 
=the deposition surface 
=concentration i n d h e  supply a i r  
=concentration i n  zone or room 
=index f o r  indiv idual  incoming flows 
=index f o r  d i f f e ren t  surfaces per zone 
=react iv i ty  o f  contaminant 
=Radon s o i l  source strength constant 
=a i r  change r a t e  o f  the bui ld ing 
=a i r  change ra te  o f  the subfloor void 
=vapour pressure i n  the room 
=outside vapour pressure 
=saturation pressure a t  inside temperature 
=saturation pressure a t  cold window 
=flow ra te  through the f l oo r  
=mass ftow ra te  supplied 
=mass flow r a t e  extracted 
=the BRE Radon Parameter 
=HCHO emission ra te  
=source of pol lutant  
=time 
=volume o f  the zone or room 
=deposition ve loc i ty  
=moisture content of saturated a i r  

1. Introduction. 

During the las t  years indoor a i r  qua l i ty  (IAQ) has become a very important issue, mostly health related. 
Reasons f o r  t h i s  might be : * increasing awareness that indoor a i r  po l lu t ion  af fects health, * a high proport ion of time i s  spent indoors, * growing capab i l i t y  to  measure and simulate pollutant concentrations i n  and around buildings, 

* change i n  (synthetic)bui lding materials, * decreasing vent i la t ion  rates t o  save energy. 

A descript ion of the term, acceptable IAQ, i s  : The a i r  should be su f f i c i en t l y  f ree from biological, 
physical and chemical contaminants t o  ensure that there i s  a negl ig ib le r i s k  t o  the health and safety o f  
occupants. 
To improve IAQ, source strengths have t o  be minimized and an optimization i s  needed fo r  : supply and 
exhaust flow rates, f low directions between zones, sink strengths and f i l t e r  eff iciencies. 
To sketch the steak f o r  supply optimization, i t  i s  nice t o  keep i n  mind that less than 3% of  the normal 
vent i la t ion  flow ra te  i n  bui ldings (about 0.007 m3/s per person) i s  inhaled (about 0.0002 m'/s), the 
other 97% i s  used t o  d i l u t e  pollutants, l i k e  odour and COz . 
I t  i s  expected that analysis of indoor a i r  qual i ty  w i  11 became more and more important as a per t  of the 
design process of healthy indoor a i r  environments and control strategies. Analysis both by measurements 
and computer simulation. 



Process 

The main process i s  the generation o f  pol lutants and d i l u t i o n  by vent i lat ion.  Vent i lat ion plays a double 
role, i t  d i lu tes  but also spreads the contaminants over the building. Transport by ai r ,  entrainment, i s  
the most important mechanism fo r  a pol lutant t o  be spread over a building. This means that  cont ro l l ing  
the flow direct ions i n  a bui ld ing one can control the spread of pollutants. I n  many cases however 
vent i la t ion  i s  not the only loss term. Fi l ter ing,  deposition t o  surfaces, chemical reactions and 
radioactive decays can be more important. 
I n  most investigations pol lutant  levels are presented. Less at tent ion i s  paid t o t  the spread of 
contaminants w i th in  a building, vent i la t ion  flow rates and directions. 
Single room ven t i l a t i on  ef f ic iency does have an influence on the concentration levels, but i n  general i t  
i s  thought that flows from room t o  room have a larger range o f  impact on the concentration picture o f  a 
building. I n  t h i s  Last case, calculations can be done with the assunption of t o ta l  mixing per room. I n  
the case o f  local sources with a local  exhaust(hood) the source strength must be reduced wi th the 
removal ef f ic iency t o  get a reasonable simulation. An other way would be the use of extra zones around 
the local  source t o  simulate the removal effectiveness, or t o  use computer f l u i d  dynamics (CFD). 
Flow through large openings has been considered as b l i nd  spot. Now a few mechanisms are available that  
can be used i n  simulation models (Feustel, 1989). The ef fect  of the large opening flow on the 
vent i la t ion  e f f i c iency  end hence the transport of contaminants from zone t o  zone i s  yet.another vague 
factor. 

Pollutants 

The number of pol lutants that plays a role, i s  increasing, pa r t l y  because of the development of 
sensit ive measurement techniques, simulation techniques and resul ts o f  research that  show the importance 
t o  health. 
Because o f  the many pol lutants and the many combinations pol lutants-materials that serve as an absorber, 
i t  w i l l  never be possible t o  create a complete data base with source and sink terms and t h e i r  re lat ions 
with other conditions. However i t  i s  thought that  classes of sources and sinks may be defined that  allow 
for useful handling o f  measurement resul ts and simulations. 
Most investigated pol lutants are: HZO, COZ , CO, NO, , SO2 , O, . HCHO, VOC1s, c igaret te smoke, Radon , 
dust, fibres, Pb, micro bio logical  contaminants and odours . 
Zone 

I n  measurements and simulation models the term 'zone1 i s  used. A zone can be a small volume element o f  a 
room for which concentration, flow rates and other state variables are described. A zone can also be 
just  one room, a set  of rooms, or a complete f loor  or set of f loors  i n  a building. Here the word 
bui ld ing i s  used but applications can be any enclosure Like cars, planes, cupboards, housing of 
apparatus. 
The choice of the spat ia l  zone dimensions can be given by the l imi tat ions during measurements and the 
capabi l i t ies of the simulation model. On the other hand the choice can be based on knowledge about the 
d i s t r i bu t i on  of concentrations i n  the building. I f  an area, which can consist o f  one ore more rooms, i s  
supposed t o  have an uniform concentration and venti lat ion, i t  can form one zone. I f  s ign i f i cant  spat ia l  
variat ions of concentration occur i n  a zone i t  must be s p l i t  up t o  give a proper simulation. For 
measurements t h i s  means that i n  t h i s  zone a single sampling point w i l l  not be suf f i c ien t  t o  depict the 
whole zone. 

Losses 

Several mechanisms change the level of a pol lutant during the transport from outside t o  inside, as well  
as inside from one room t o  another. These losses may give a greater reduction of the pol lutant  level 
than vent i la t ion  only. Some mechanisms and coeff icients can be found i n  l i t e ra tu re  on deposition t o  
surfaces and radioactive decay, nothing has been found on f i l t e r i n g  or the penetration e f f i c iency  i n  
cracks. 
A i r  cleaning devices and f i l t e r s  can have a predominant effect fo r  instance i n  clean rooms and operation 
theatres. 

Occupants, exposure 

Occupants play a key role. They can influence vent i lat ion and some sources. I f  the pol lutant  can impose 
a health hazard the occupant i s  important because he i s  exposed t o  the (indoor) a i r .  
Therefore a simulation tool  must take i n to  account i n  which room occupants stay, indoor or  outdoor, and 
how long, t o  calculate average exposures. 
For a l l  health re lated problems the presentation of human exposure i s  preferable over the concentration 
h is tor ies  i n  the d i f f e ren t  zones. 
Occupants may have a d i rec t  influence on pollutant levels, fo r  instance COz, therefore scheduled 
occupants i n  the d i f f e ren t  rooms are needed. 



It i s  thought that calculat ion of the exposure fo r  d i f fe rent  groups of occupants f o r  a bui ld ing with 
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Figure 1. Comparison of model results and measured resul t  f o r  a non absorbing gas. 

computer simulation models can be a very e f f i c i en t  way t o  interpret  the IAQ. I n  t h i s  way ccinparisons 
with other bui ldings or  variat ions i n  same the bui ld ing are possible. 
The exposure can be normal ised by demanded Limits from standards, and then sunned f o r  d i f f e ren t  chemical 
substances. Care must be taken fo r  threshold values and non l inear steps i n  the standards l i k e  24 hour 
Limits and 8 hour l i m i t s  or percenti le values. 
There are a few cases in which health aspects are not of primary importance, f o r  instance : 

* condensation wi th the r i s k  of bui lding damage, * pol lutants that  influence the qua l i ty  of products i n  industry. 
* dust i n  clean rooms 

I n  those cases i t  i s  not useful t o  present the exposure o f  occupants, although it might be possible t o  
present an estimated ra te  of product f a i l u re  i n  stead of concentration histories. 

2. Review. 

A l o t  o f  information can be found on indoor pol lutant levels (MCMurry, 1985) (ASHRAE 1989) . Most papers 
already give a review on exist ing pol lutant  levels fo r  the most important pol lutants. A lack o f  
information exist  on measured losses and sink terms especially i n  cracks. Some more information i s  
available on sources and source strength o f  pollutants. Computer models exist  which take i n t o  account 
pol lutant  transport by airf low, based on a mass conservation pr inc ip le  (Axley, 1988 a,b). Some models 
describe the reduction o f  a single pol lutant under several conditions, f o r  formaldehyde (Grot, 1985) and 
(Godfish, 1988). 
As long as source strengths and vent i la t ion  flow rates are properly simulated, excellent agreement 
between measurements and simulations i s  found i n  the case o f  non absorbed gasses. Some resul ts o f  a i r  
and po l lu tan t  transport models are given i n  f igure 1 (Gids 1988) and 2 (Axley, 1988 a). 

Spread o f  contaminants i n  a single zone has been studied fo r  instance by (Vandaele, 1989). Measurements 
were performed on 50 points i n  an a t t i c  room of about 38 ms with an a i r  tightness o f  NS0 =8 . U i th  
closed windows and an a i r  change rate of 0.3 +/- O.l(std) per hour a Line source resulted i n  a r a t i o  
between maximum and minimum of the 50 spat ia l  concentrations of 1.2 . A point source gave a spat ia l  
concentration r a t i o  o f  1.5 . Uith a window open the a i r  change rate has been 0.75 +/- O.S(std) per hour. 
Spatial r a t i os  of the concentration fo r  the l i ne  source were 1.2 t o  1.3 and f o r  the point  source 1.5 t o  
1.7 . 
These s ingle zone concentrat ion ra t  i o n s  are thought t o  be much smal l e r  than room- to-room concentration 
ratio's. 
A possibi li t y  t o  include odour i n  pol lutant transport models has been introduced by Fanger (Fanger, 
1987). 
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Figure 2. Comparison of a model predicted and measured response for several gasses as pollutants 



3. Mechanisms. 

3.1 General 

The mechanisms can be subdivided i n t o  : source-, sink-, d i lut ion-,  transport-, exposure- mechanisms. 

A s s d  i s  a mass conservation fo r  each zone, while the a i r  i s  well mixed wi th in  the zone, the equation 
which describes the mass balance can be given (Feustel, 1989); 

d( P V Cn - - - - - - - - - - -  = f.iyini (I - xi Cini 3- (qout + k Cn + Sn .-(I) 
d t  -. 

The u n i t  of equation (1) i s  (kgCcontaminantl/s). The s m t i o n  i s  f o r  a l l  the incoming flows i. 
i n  which: 
With the vent i la t ion  time constant : 

7= (p V)/qin ( s - l  ) . . .(2) 
and wi th : 

- A t / 7  
dt / r=( l  -e ) (At<<r) . . .(3) 

This leads t o  the form that  can be used d i rec t l y  i n  numerical pol lutant  transport models i n  which t and 
t + l  are two successive timesteps: 

- A t / 7  

Cn t+; Cn I t + ( l - e  )/qin* 

Equation (4) can be used i f  the a i r  density remains constant and i f  the incoming flow i s  not zero. 
The subst i tut ion o f  (3) avoids overshoot of the concentration fo r  timesteps as b ig  as the vent i la t ion  
timeconstant o f  the zone, but some accuracy i s  Lost. Small zones, l i k e  a duct section with large flows, 
can have very small timeconstants and would otherwise have led t o  unpractical small time steps i n  the 
case o f  a l inear equation. 

F i l t e r  eff iciencies (4) f o r  dust can be found fo r  f i l t e r  un i ts  but unfortunately not f o r  cracks. 

The reac t i v i t y  term k i n  (4) can be expressed as a deposition veloci ty  t o  a surface: 
k= P f={Vd * A)j (kg/s) . . .<5) 

This means that the amount of pol lutant  i n  the volume Vd * A disappears per un i t  o f  time i n t o  the 
surface A . For low concentrations, say i n  the 1 pirn range, saturation of the surface doesn't occur. The 
process has not been found t o  end i n  time. Cleaning, renovations or  repainting i s  L ikely t o  occur before 
a saturation would be noticeable. 

I n  experiments the deposition can be determined as a decay rate : 
l/rcOn = Vd *(A/V) ( s - I  . . . ( 6 )  

The experimental concentration decay i n  a closed room without vent i la t ion  and deposition only i s  : 
C t  -t 7 ~ 0 n  

----=: e . . . (7 )  
Go 

Source terms Sn i n  (4) are often given as mass flows per time un i t  and need only scaling i n t o  the 
proper units. 

3.2 A i r  paths 

The a i r  from outside passes on i t s  way t o  inside ei ther a mechanical vent i la t ion  system or the bui ld ing 
fabr ic i n  which losses o f  a pol lutant take place. 
I n  the room some mixing followed by the transport from one room t o  another room w i l l  occur, v i a  a 
mechanical venti l e t  i on  system or v i a  cracks, openings around the doors, grids and/or through the 
construction of the in terna l  walls. 
During the transport o f  a i r  by a mechanical system there can be Losses i n  terms o f  uncontrolled , 
deposition and/or f i 1 ter ing  i n  the purpose provided f i ltersection. 
The a i r  w i  11 Leave the bui  lding by e x f i l t r a t i o n  through the bui ld ing envelope and/or by the mechanical 
extract system. During t h i s  transport a certa in amount of the pol lutant  w i l l  be l e f t  behind and hence 
give a decrease o f  the emission. 
The a i r  flow over large openings i s  mainly not one directional. Due t o  local turbulence, flow i n  both 
directions i .e. inward and outward flow i s  possible and can occur simultaneously i n  one opening. I n  the 
case o f  large openings the chance t o  have to ta l  mixing i n  the room decreases. The f low i n  the opening 
and the vent i la t ion  ef f ic iency t o  the bulk a i r  of the room determine the transport o f  pol lutant  i n  both 
directions v ia  the large opening. Therefore the contaminant transport due t o  t h i s  f low mechanism i s  not 
qui te well known. I n  simulation models two estimates are necessary: 



case 1. The concentration i n  a zone has t o  be kept Low by means o f  Large opening vent i lat ion,  
case 2. A zone has t o  be protected against pol luted a i r  i n f i l t r a t i n g  v ia  a large opening. 
I n  the f i r s t  case the best average a i r  flow exchange over the Large opening i s  needed. In case 2 a 
higher estimated large opening f low i s  necessary i n  order t o  be sure that the protection pressure 
hierarchy w i l l  be suf f i c ien t  t o  keep the contaminant out. 
I n  clean rooms laboratories and hospitals Large openings are a thread t o  the pressure hierarchy. This i s  
an important appl icat ion of vent i lat ion-pol lutant  transport models. 

3.3 Source mechanisms 

As source mechanisms f o r  contaminants can be mentioned: emission or release of mass, evaporation, 
desorption, resuspension, growth o f  micro-organisms, radio ac t iv i ty .  

Examples of emission o r  release o f  mass are fo r  instance: hman C02 production, combustion products from 
a furnace, heaters, formaldehyde from par t ic le  board and plywood. Grot (Grot 1985) has performed many 
measurements of the surface emission rate of formaldehyde from wood materials and found i n  many cases a 
good agreement wi th the equation: 

ser=a - BC . . . (8) 
A useful value has been the surface emission ra te  a t  a concentration of 120 fig/m3 or  100 ppb and the 
cu to f f  concentration where the emission rate becomes 0, defined as: 

cutof f  =a/B . . . (9 )  
Correction terms f o r  on a and B f o r  temperature and re la t ive  humidity have been determined by (Matthews 
, 1986). 
Degradation o f  resins increases a t  increasing temperature and re la t ive  humidity, resu l t ing  i n  a higher 
formaldehyde generation on the average of about 23% per K temperature increase and 5.5% per %RH 
increase. 

Examples of evaporation are: Watervapour i n  homes, solvents, VOCns from paint, carpet and fu rn i tu re  
materials. 
Several contro l led tes t  chambers have been constructed i n  Europe t o  determine the source strength o f  
several furni ture materials. These test  chambers are based on guide l ines of the EC COST working group 
(Project 613, WG8). 

Desorption and resuspension can occur fo r  instance with odours absorbed by fu rn i tu re  materials, gas 
molecules that are physical ly bound t o  the surface and dust part ic les larger than 1 m, due t o  
mechanical v ibrat ions or  high local  a i r  velocit ies. Vacuum cleaning and walking can temporarily increase 
the amount of aerosol dust. 

Growth o f  micro-organisms l i k e  fungi, house dust mites and allergens from domestic animals are harder t o  
be modelled as besides growth conditions, elapsed time i s  important. The d i f fe rent  stadia o f  the L i f e  
cycle o f  the organisms have d i f fe rent  production rates of allergens or fungus spores. Most of these 
sources are re lated t o  moisture, and especially the moisture i n  the boundary Layer near the surface. 
There i s  a feel ing that  instead o f  measuring and simulating these kinds o f  sources i n  bui ld ings i n  order 
t o  show the current status and relations, i t  would be better t o  focus on solutions d i rec t ly :  To b u i l d  
bui ldings that w i  11 not be moist, not t o  use bui ld ing materials that are a breeding ground, t o  use beds 
that  can be per iod ica l ly  e lec t r i ca l l y  heated or frozen t o  k i l l  mites. 

Radiation from Radon i s  comnonly investigated (Di jkun, 1986) (Coll6, 1980). Geological composition o f  
the s o i l  has a large influence on the Radon generation levels. Uranium r i c h  s o i l  i s  known t o  resu l t  i n  
higher Rn levels, both d i rec t l y  from the s o i l  and from bui ld ing materials which or ig inate from such 
soi l .  222 Radon has a ha l f  l i f e  time of about 3.8 days and i t s  daughters t o  210 Pb a l l  shorter than 
that. As th i s  ha l f  l i f e  time i s  generally much longer than the vent i la t ion  time constant o f  a building, 
the main Loss term i s  venti lat ion. This may not be t rue fo r  spaces with s ta le  a i r  l i k e  closed wells, 
where high concentrations can b u i l d  up (Meyer, 1983). 
So i l  generated Rn cannot be looked a t  separate from i t s  mechanism t o  i n f i l t r a t e  i n  a bui lding. 
By d i f fus ion  Rn enters cracks i n  the bedrock. Moved by ground water Levels, wind pressures on the f i e l d  
around the building, i n  the s o i l  under the bui ld ing and i n  the subfloor void Rn i n f i l t r a t e s  i n  the 
building. Large Local variat ions and variations i n  time have been observed. Some of the pressures are 
re lated t o  the shape of the bui ld ing and the vent i la t ion  parameters of the building. Therefore the 
bui ld ing and i t s  ven t i l a t i on  parameters have an influence on the amount o f  Rn that  i s  transported. This 
can be studied e f fec t i ve l y  with multizone vent i lat ion- pol lutant transport models. BRE has derived a 
s impl i f ied  way t o  handle t h i s  process and ca l l s  i t  the Radon Parameter (Hartless, 1990). 
For posi t ive pressures between s o i l  gas and subfloor void the equation is: 

RP=(qf * APf IN,,,, *: Mach") ... (10) 
and the radon concentration i n  the bui ld ing : 

Rni = Rn, + k, * RP ... (11) 
The constant k, includes many different, unpredictable factors such as s o i l  type and Radon generation. 
The Radon Parameter can be seen as a sense for a buildings sens i t i v i ty  fo r  Radon i n f i l t r a t i o n  if i t  
would be placed on a Radon generating soi 1. 



Other Radon sources are bu i ld ing  materials, domestic and ground water, natural gas and indust r ia l  . 
aerosol dust. Attached t o  aerosol dust o r  d i rect ly ,  and subsequent respirat ion i t  can be deposited on 
the Lung tissue. This Leads t o  an increased tunour r isk.  
The e f fec t  o f  rad ioac t iv i ty  from outdoor a i r  i n f i l t r a t e d  i n  dwellings on the dose has been investigated 
by (Roed, 1990). 
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Figure 3. Deposition veloci ty  o f  part ic les 

3.4 Sink mechanisms 

The most important sink mechanisms are: deposition (absorption and adsorption) sedimentation, p la te  out, 
f i 1 tering, condensat ion, chemical reaction, radio active decay. 

The deposition process has two steps (Lanting, 1991). F i r s t  there i s  a pol lutant  mass transport through 
the undisturbed boundary layer t o  the surface. The second step implies chemical o r  physical interact ion 
wi th the surface. For gasses the second step i s  the l im i t i ng  factor and fo r  par t ic les  the f i r s t  step. 
With f u l l  absorption on the surface the theoretical deposition ve loc i ty  f o r  gasses should be 1E-5 m/s i n  
s ta le  air,  with natural convection and laminar flow along the surface 7E-4 m/s and i n  turbulent a i r  
1.8E-3 m/s. The real  deposit ion veloci ty  w i l l  be lower if not a l l  molecules interact  with the surface 
and can be higher if the surface i s  rough ( f o r  instance carpet) and i f  the humidity i s  high f o r  water 
soluble gasses. Temperature has minor influence on the process. 
More processes play a r o l e  a t  the deposition o f  part ic les on a surface. 
Small par t i c les  (cigarette smoke) bind i r revers ib ly t o  a surface. 
The processes that move par t ic les  t o  a wall  are: * Brownian motion ( part ic les <0.5 JMI show a gas l i k e  d i f fus ion  that  i s  bigger than the 

sedimentation ve loc i ty  i n  sta le air),  * Thermoforesis ( par t ic les  >0.05 JMI move through a temperature gradient t o  a 1K colder surface 
10 times faster than i f  the surface i s  1K uarmer), * Electroforesis ( Computer and TV screens), * Sedimentation ( Stokes, dominant f o r  par t ic les  > I  m). 

The pa r t i c l e  size i s  the most important parameter. The effect o f  the d i f fe rent  mechanisms i s  shown i n  
f igure  3. 



A s m r y  fo r  the deposition veloci ty  i n  m/s of gasses is: 

Si tuat ion s02 N02 O3 HCHO VOC 

Rooms with much 
absorbing material 6E-4 3E-4 9E-4 1E-4 2E-5 

Rooms with L i t t l e  
absorbing material 1E-4 3E-5 4E-4 5E-5 2E-6 

For turbulent conditions the values are typ ica l ly  3 times higher. 

Data f o r  f i l t e r  e f f i c iency  fo r  part iculate matter can be d i rec t l y  applied i n  pol lutant  transport models 
provided that the p a r t i c l e  s ize i s  known. The ef fect  o f  aircleaners on other pol lutants i s  not generally 
known. Some a i r  cleaners f o r  domestic use have been found t o  have no ef fect  a t  a l l  on dust 
concentrations while ionizat ion f i l t e r s  have been found that produce high concentrations o f  O3 . 
Performance of several air-cleaners has been reported by ( Daisey, 1988). Host air-cleaners have a Lower 
flow ra te  than those indicated by the manufacturers. Removal ef f ic iencies fo r  NOz and VOC1s have been 
found i n  the range o f  0% t o  40% for  the various cleaners. 

Condensation occurs i f  f o r  instance a surface i s  below the dewpoint o f  the water vapour i n  the zone. The 
condensation heat produced, heats up the surface. A detai led simulation i s  possible only wi th combined 
heat f low-vent i lat ion models. Condensation rates can be up t o  1E-4 kg/s/m2 i n  bathrooms during a shower. 

Chemical reactions i n  a i r  are f o r  instance SOz with HZO. Most reactions play a neg l ig ib le  r o l e  as the 
concentrations o f  both contaminants are re la t ive ly  small. 

Radio active decay f o r  Radon can be a s igni f icant  loss term i n  spaces with f u l l  mixing and a very low 
a i r  change rate (NaCh < 0.01) but also when a re la t i ve l y  high concentration o f  the heavy Rn formes a 
stagnant, s t r a t i f i e d  layer on the f loor. Radon i s  9 times heavier than a i r .  

3.5 Exposure 

I f  the concentrations i n  the zones are simulated i n  time with a computer model, and i f  those 
concentrations are good estimates f o r  the concentration inhaled by the occupants, then i t  i s  a re la t i ve  
easy step t o  calculate the exposure t o  a i r  pollutants. 
I n  fact  i t  i s  a way o f  presenting the vast amounts of resul ts from multizone concentration h is tor ies  
i n to  a few daily, weekly or fo r  instance annually averaged exposures fo r  a defined set  o f  occupants. 
Exposure does not deal with the problem of health risks, dose-effect relat ions. It i s  only meant here as 
a sense fo r  a bet ter  IAQ i n  a building. 
In l i t e ra tu re  the term exposure i s  also used for intake of contaminants v i a  food and sk in  (EPA, 1989). 
The here mentioned 'exposure t o  a i r  pol lutants1 does not deal with that. 

I f  the occupant does not influence the sources and sinks and vent i lat ion then with a record of the 
concentrations from a s ingle simulation run, the exposure fo r  many occupant patterns ( i n  which room they 
stay) can be calculated without recalculating the concentrations. 
I f  the occupant does influence the parameters, fo r  instance with COz as a gas, then the complete 
concentration simulation run has t o  be repeated fo r  every occupant schedule. 
I n  most cases the vent i la t ion  flow rates w i l l  not be driven by the contaminant levels i n  bui ldings as 
the concentrations w i l l  be Low enough t o  neglect t he i r  influence on the a i r  density and thus on the 
buoyancy or stackeffect pressures. This means that with a f ixed record of vent i la t ion  flow rates many 
concentration h is tor ies  can be produced. 
An except ion might be HzO vapour as a contaminant , which does have a small influence on stack effect . 
The e f fec t  of water vapour O.OOIkg/kg dry a i r  i s  about the same as the ef fect  of 0.17 K temperature 
difference. 
A i r  flows wi th in one room can be influenced by concentration differences but i n  most cases heat that  i s  
co-generated (cooking) or a i r  movements by the generation ac t i v i t i es  (vacuum cleaning) have a larger 
influence on a i r  movements than concentration only. 

4. Standard contaminant levels. 

Many standards ex is t  f o r  acceptable Levels of indoor contaminants. Overviews can be found i n  (ASHRAE 
1989) and (Canadian EHD, 1987). Values d i f fe r  between countries. A selection i s  made here. Contaminant 
levels should be as low as possible. Within pol lutant transport models these values can be used t o  
normatise predicted levels, and t o  signal i f  threshold values are exceeded. 



Source 
short term 
fig/ma ppn 

moisture 
formaldehyde 120 0.1 
CO 1 E4 9 
602 10,000 
so2 
O3 240 0.12 
dust 

2 
v0c1s 

radiation 

Long term 
fig/mS Ppn 
<80% RH a t  surfaces 
60 

1000 (comfort) 
80 0.03 

40 
100 0.055 
0.5 t o  1.5 
camponent dependent 
typical  several 10.000 fig/ms unless 
carcinogen 
25mrem/y 28nSv/h 

A ranking o f  agens f o r  health r i s k  assessment has been performed by (Lanting, 1990 a) based on: * MAC values and WHO guidelines or odaur 
* existence o f  sources 
* emission/exposure p r o f i l e  i n  time 
* concentration levels of exposure. 

Sources with the highest p r i o r i t y  f o r  which exposure or measures t o  be taken, are known are: Combustion 
appliances, tobacco smoke, formldehyde from par t ic le  board. 

Sources with high p r i o r i t y  and insuf f ic ient  knowledge about exposure and measures t o  be taken, are: 
* pesticides, wood conservation, additives t o  tex t i  l e  
* aldehydes and carbon acids i n  wood, f loor  covering, t e x t i l e  or  i n  combination w i  t h  d o u r  * phthalate-esters i n  plastics, paints and glues 
* isocyanates i n  paint, insulation foam, glues 
* water based paints and cleaning products with glycol-ethers, -esters, alcohols, conservatives, 

fungicides 
* f loor  covering v iny l  Linoleum and t e x t i l e  with suspect carcinogenic compounds, softeners o r  i n  

combination wi th odour. 
* cleaning and maintenance products with suspect carcinogenic campounds or in  combination wi th 

odour. * mercury from broken thermometers and barometers. * terpenes i n  f l oo r  and furni ture wax, cosmetics, wood products, paint. 
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Figure 4. Moisture admittance model of Jones, BRE 

5. Contaminants from indoor 

moisture, formaldehyde, CO, C02 , O3 , dust, NO, , VOC1s, radiation. 



Moisture generation rates i n  homes generally are about 7 t o  14 kg/day. Moisture i s  of importance as one 
o f  the growth condit ions of microorganisms. I t  i s  thought that ANNEX 24 w i l l  y i e l d  specialized models t o  
predict  moisture transport through bui ld ing components, l i k e  fo r  instance the Danish model Match. 
A promising s impl i f ied  dynamic model, cal led moisture admittance model, has been produced by BRE (Jones, 
1990). 
I t s  coef f ic ients have been experimentally f i t t e d  with resul ts from 2 experimental rooms and need work t o  
be generally applicable i n  bui ldings and with non uniform surface temperatures. The equation looks Like: 

d( P in  - - - - - - -  =CNach(Pin -Pout ) - 2 . 5 ~ ~ ~  + ( I  -4 t o  1 -8)psat -0.3bin1/3600 +Sn *psat /Xsat .. '(12) 
d t  

The coef f ic ients are v a l i d  f o r  the specif ic test  chamber. I n  figures 4 a comparison o f  the model wi th 
measurements a t  a changing vapour input i s  shown. 

A recent overview o f  exist ing concentrations of formaldehyde i n  European countries has been given by 
(COST , 1990). The outdoor background concentration i s  about 1 pg/ms with peaks up t o  100 pg/m' due t o  
t r a f f i c .  
Formaldehyde from bui ld ing materials has been shown t o  be a non constant source (Grot, 1985) (Godfish, 
1988). Moisture, temperature and the Formaldehyde concentration i t s e l f  influence the generation process. 
Source strengths o f  pa r t i c l e  board and plywood have been found i n  the range of 0.003 t o  0.5 pg/m2/s a t  a 
formaldehyde concentration of 0.1 ppn. Cutoff concentrations, where the emission becomes 0, have been 
found t o  be i n  the range of 0.2 t o  0.4 ppm (240 t o  480 pg/m3) with some medium density f i b r e  boards up 
t o  1.8 ppm (1800 pg/m3). An excellent agreement between the measured formaldehyde concentrations and a 
mass balance indoor a i r  qua l i ty  model has been obtained. 
Other sources o f  formaldehyde i r e  UF-insulation foams, tobacco smoke, combustion gasses from gas 
appliances, t r a f f i c ,  industry (production of resins). Formaldehyde source strengths of 0.4 t o  4 pg/kJ 
were measured by (Traynor, 1985) a t  unvented heaters. 

Carbon monoxide i s  produced by incomplete combustion, cooking, t r a f f i c .  
The number of f a t a l  CO poisonings per year i n  Holland normalised fo r  a 1000.000 population: 

0.4 kitchen unvented geysers 
0.14 geysers with a f l ue  
0.29 central and decentral heaters 
0 cookers and other appliances 

I n  17 % of kitchens (Brunekreef, 1981) CO concentrations were measured above 50 ppm a f te r  using the 
unvented geyser f o r  15 minutes . CO source strengths of 13 t o  165 pg/kJ have been found f o r  unvented gas 
heaters under poor vent i la t ion  conditions by (Traynor, 1985). 

The current trend i s  t o  use closed gas-appliances, with a fan fo r  supply and exhaust gas and separate 
flues. The amount o f  supply a i r  f o r  gas burning i s  usually negligible, 1 t o  3% of  the ven t i l a t i on  f low 
ra te  o f  the house. Closed appliances have a better ef f ic iency due t o  the Lower, contro l  led excess supply 
a i r  flow rate. 
Malfunctioning natural  gas exhaust f lues i n  a i r t i g h t  houses with mechanical extract vent i la t ion  are a 
known problem (Steel, 1982). 
Unintended transport from parking garages t o  bui ldings has been reported by (Hodgson, 1989) and can 
impose a CO and VOC source. CO levels of 10 ppm have been measured i n  the bui ld ing above the garage. 

COz i s  produced by combustion. The human COz production i s  about 5.6E-6 m3/s, mainly dependent on the 
sk in  area(Dubois area) and the metabolic rate. 

NOx i s  also produced by combustion from gas appliances and t ra f f i c .  Traynor (Traynor 1985) measured 
source strengths f o r  unvented gas heaters t o  be from 10 t o  20 pg/kJ both fo r  NO and NoZ . 
Average indoor leve ls  o f  more than 200 pg/m3 (0.1 ppm) with I-minute peaks of 4000 pg/m3 (2 ppm) have 
been found i n  homes with unvented gas appliances (COST 1989 NOz 1. Negative health e f fec ts  are reported 
a t  concentrations as low as 200 pg/m3 . The trend i s  t o  use cooking ranges with special low NOz 
burners. 

VOCis have been shown t o  be or ig inat ing form solvents i n  liquid-process copiers i n  an o f f i c e  bui ld ing a t  
rates of 2 kg solvent/day to ta l  fo r  26 copiers (Hodgson, 1989). Other sources of VOC1s are f inishing, 
fu rn i tu re  materials. An unexpected source might be the evaporating benzene from gasoline from cars i n  
parking garages attached t o  a building. 

To determine mater ia l  source strengths a series of european test  ce l l s  has been made wi th in  COST 613 TG 
8. It i s  expected that  many results w i l l  soon be available from this. I n  pr inc ip le  these tes t  rooms 
allow fo r  determination of sink rates as well. Two f l oo r  covering carpet t i l e s  with PVC back emitted 
4600 pg/m2/h t o t a l  VOC on the f i r s t  day and 2700 on the 7th day, the second t i l e  1160 and 370 pg/mz/h 
(Ual, 1991). 

Ozone i s  generated by photochemical processes Like i n  laser printers. Measurements i n  a tes t  chamber 
with some adsorption on walls showed source strengths of 10 pg/s or about 100 pg per copy without any 



f i l t e r  on the pr inter .  F i l t e r  ef f ic iencies have been reported from 70 t o  99% . 
Some a i r  cleaners f o r  dtnnestic use with an ionisation f i l t e r  section produce up t o  1 pg/s O3 . 

6. Contaminants f ran outdoor. 

I n  most cases outdoor leve ls  w i  11 be used as an input t o  pol lutant transport models. 
Outdoor levels are mainly influenced by industry, t r a f f i c  and agriculture. Below are given some f igures 
from various guide l ines  just  t o  give some idea. 

Sources target average annual levels 
kg/m3 

SO2 30 
Dust 30 
No, 25 
Ozone 120 
1 ead 0.5 

Measured Levels can have very large peaks i f  measured i n  the v i c i n i t y  of the source. For NO2 levels i n  
the range o f  100 pg/m3(year) have been reported i n  urban area's with hourly values up t o  1000 &g/m3 due 
t o  t r a f f i c .  Some s impl i f ied  and l im i ted  calculation models ex is t  f o r  levels as a funct ion o f  t r a f f i c  
in tens i ty  (Jansen, 1987). 

7. Control Strategies. 

An overview of strategies has been given by (Levin, 1992). 

7.1 Indoor sources. 

The general strategy i s  t o  minimize source strengths. As vent i lat ion i n  cold climates or  cold periods 
increases energy consumption, the preference i s  t o  keep the vent i la t ion  rates close t o  minimun rates 
(IEA ANNEX 9, 1987) (Trepte, 1989). 
During warm periods ven t i l a t i on  rnay be higher, due t o  open windows, and po l lu t ion  levels may be non 
important wi th respect o f  the cold period. 
At outdoor temperatures higher than acceptable, cooling by a i r  conditioning w i l l  lead t o  the same 
preferable minimum vent i  Lation as in cold periods. 
To increase the e f fec t  o f  venti lat ion, a i r  flow rates must be a t  the proper locations and contro l led in 
time. This means local  exhaust near sources and Local supply near occupants, displacement vent i lat ion.  
Increased vent i la t ion  during cooking i s  cannon. But the local exhaust above the cooker i s  usual ly  not 
very e f fec t ive  compared wi th a fune cupboard. Local exhaust near showers i n  bathrooms, UC , on pr in ters  
and copiers i s  ra re ly  seen. I n  Industry too local exhaust i s  often not applied because of (supposed) 
draw backs t o  the accessabil i ty of processes. 
Demand contro l led ven t i l a t i on  (IEA ANNEX 18) i s  the (near) future t o  optimize IAQ versus the used 
vent i la t ion  flow rates. 
I n  many cases the contro l  o f  flow directions prevents contaminated a i r  t o  reach occupants or t o  enter 
i n t o  sensit ive areas. Unfortunately i n  most buildings the natural flow d i rec t ion  spreads the contaminant 
through the building, Like Radon from the crawlspace and vehicle exhaust gasses from the basement 
parking garage. 
Evaporation of gasoline from cars i n  the garage i s  ef fect ively reduced by the Cal i fornian canisters, a 
carbon f i l t e r  i n  the car. This i s  an environmental measure but i t  also reduces benzene exposure from 
parkings i n t o  buildings. 
A special case of f low d i rec t ion  control i s  the operation theatre i n  hospitals and clean rooms. Large 
openings (doors) and temperature differences can spoi l  the desired pressure hierarchy. Large bypass 
flows through g r i l l e s  besides such doorways can minimize the disturbance, and maintain su f f i c ien t  a i r  
ve loc i ty  in  the open door way t o  avoid a two-way flow. 

7.2 Outdoor sources. 

I f  outdoor sources have a constant too high level, f i l t e r s  or cleaners must be used t o  get an acceptable 
IAQ. Some contaminants can be removed very e f f i c i en t l y  or disappear already i n  the HVAC or hunidi f  i e r  
l i k e  SO2. 
Care must be taken a t  the posi t ion of the a i r  inlets, not on the side of busy t r a f f i c  or the exhaust on 
the roof. 
I f  outdoor concentrations f luctuate and the duration of peaks are shorter than the bui ld ing vent i la t ion  
time constant then a time control of the amount of outdoor a i r  may be possible. A good example f o r  t h i s  
i s  the control of vent i la t ion  i n  vehicles i n  dense t ra f f i c .  The problem here i s  that  the ven t i l a t i on  
time constant i n  vehicles i s  usually i n  the range of some 100 s and a quick response o f  the sensor and 
control i s  needed. The reduction of the concentration level i n  the intake a i r  can be large as outside 
Levels i n  t r a f f i c  usual ly  f luctuate with a r a t i o  of 1:100. Switching o f f  the outdoor a i r  supply 



increases indoor source effects. An optimun has t o  be found, a perfect f i e l d  of appl icat ion f o r  
' i n te l l i gen t1  control lers. An example i n  a simulated bus of 48ms with measured outside NO, 
concentrations as input, i s  given i n  f igure 5. To account for scnne internal pol lutant  generation 34 pg/s 
i s  added as source. Two runs have been made : one with f ixed vent i la t ion  flow rate 0.5 ms/s, the second 
with the same integral  flowrate but switched on and o f f  (30% on, with 3 times the nominal f low rate) i f  
the outside concentration i s  lower than inside (no sensor-control delay). 
Average outside concentration i s  688 fig/m3, inside 748 a t  constant vent i la t ion  and 283 a t  contro l led 
vent i lat ion.  The e f fec t  i s  dependent on the amount of internal pol lutant  load, which i s  about 10% of the 
outside pol lutant  load i n  f igure 5. 

ventilation 

inside 
controlled 
flow 

Figure 5. Simulated NO, concentrations i n  a bus, constant and control led vent i lat ion.  

clean room 

i hospital 

---Time ( n i n  1 
Figure 6. CFU concentration i n  an iso la t ion  chamber and f loor plan. 



7. Examples 

7.1 NL Archives and museums 

I n  museums and archives IAQ i s  not health related but meant t o  prevent deterioration of paper and 
cu l tu ra l  inheritage. SOz , NOz and O3 have been measured i n  6 buildings by (Lanting, 1990 b). A 
s ign i f i cant  part  of the outdoor po l lu t ion  i s  introduced v ia  the HVAC system, from which the 
rec i rcu la t ion  r a t i o  has been varied. SOz i s  absorbed by the humidifier o f  the HVAC system. Low Levels 
of the contaminants indoors have been explained by the rapid absorption by the large quant i t ies of 
archival material. Outside the working hours 100% reci rculat ion has been advised. 

7.2 Hospitals 

Pollutant transport models can be used fo r  predict ion of the ncunber of dust par t ic les  that  contains 
germs that  could cause infection. This i s  cal led CFU, Colony Forming Units, expressed i n  CFU/ms . I n  
t h i s  example the source strength of a person i s  20 CFU/s . Levels of CFU1s are simulated i n  a protected 
room and i t s  a i r  Lock t o  the corridor, when a person enters from the a i r  Lock i n to  the protected room. 
The Limi t  i s  10 CFU/ms in the clean zone i n  the protected room. Figure 6 shows the concentrations. 

At minute 1 a person enters the a i r  lock, a t  6 the protected room i s  entered and the door i s  open fo r  10 
seconds. At 12 the person returns t o  the a i r  lock, which i s  l e f t  a t  minute 16. No CFU generation i s  
taken i n t o  account f o r  a patient staying i n  the protected room . 
7.3 NL Leidschendam 

Airborne moisture transport has been investigated by (Oldengarm , 1990) (Elkhuizen, 1990). I n  a dwell ing 
three moisture generation types have been considered: 

* cooking 
* shower 
* Laundry drying 

Moisture storage and release from walls and furni ture could be seen as simultaneous measurements of 
d i f fe rent  tracers were used. I n  f igure 7 the moisture content from 12:OO t o  14:OO i s  below that  o f  a non 
absorbed tracer, indicat ing absorption o f  moisture. After 14:OO moisture i s  released from the surface 
and the moisture content i s  higher than the equally scaled non absorbed tracer gas. 

-----+Time (hour) 

Figure 7. Vapour concentration i n  a house af ter  a 30 minute moisture input, compared t o  a s imi la r  scaled 
non absorbed tracer. 



7.4. NL Almere Schools 

Schools have a high demanded vent i la t ion  rate, NaCh >2.5 h-' , which i s  generally not met wi th natural 
venti lat ion, because windows are not su f f i c i en t l y  opened. As a resul t  COz concentrations over 3400 ppm 
were measured i n  a per iod with switched o f f  mechanical vent i la t ion  (Knoll, 1984). 
Perceived odour, based on questionnaires, however d i d  not d i f f e r  much fo r  the period the system has been 
on, wi th less than 1200 ppm C02 . Conclusion i s  that  occupants i n  schools are not capable of 
cont ro l l ing  the i r  windows i n  order t o  get an acceptable IAQ. 

7.5. NL Lelystad. 

The aim of the Lelystad project has been t o  compere houses with warm a i r  heating and rec i rcu la t ion  o f  
a i r  wi th houses wi th warm water heating and no reci rculat ion of a i r .  Recirculation o f  a i r  from l i v i n g  
room t o  bedrooms has not  been allowed by the Dutch standard NEN 1087. It i s  said that  i n  houses wi th 
warm a i r  heating and reci rculat ion there are more problems with a l le rg ic  reactions and respiratory 
diseases. No invest igat ion exists that  proves this. The thought i s  that  the forced a i r  movement i n  the 
heating system and high veloci t ies a t  the g r i l l e s  keep the dust moving. This has been proven t o  be not 
true, g r i l l e  ve loc i t ies  are too low t o  resuspend dust. 
The a i r  tightness o f  both houses meets the demanded value i n  the Dutch standard (NEN 26861, with NS0 
= I  -3 ( a i r  heating) and 3.1 (water heating) per hour. 
Three tracer gasses have been in jected i n  the l i v i n g  rooms under various conditions. Figure 1 warm a i r  
heating and f igure 8 warm water heating. 
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Figure 8. Measured and simulated concentrations. Uarm water heating. 

The gasses were : 
gas target concentration i n  the Living room. 
Carbon monoxide 25 Ppm 
Nitrous dioxide 0.2 Ppm 
Paraff ine o i l  aerosol and cigarette smoke 1000 pg/ms 

Carbon monoxide i s  not absorbed and served as a tracer t o  see the spread of a i r  and d i l u t i o n  from l i v i n g  
room t o  the other rooms. 

NOz i s  absorbed by bui ld ing materials and i s  used t o  show the ef fect  of absorption. 
Paraff ine o i l  smoke has been used t o  simulate c igaret te smoke. The o i l  drops show a p la te  out e f fec t  and 
are adsorbed when the a i r  h i t s  a surface or f i l t e r .  Spread of cigarette smoke i s  considered t o  be one of 
the important draw backs of recirculation. 
I n  f igure  9 and 10 the ra t ios  between the concentrations of the d i f fe rent  gasses are drawn by 



normalising them t o  the same value i n  the l i v i n g  room. 
The deposition ve loc i ty  t o  the f loor  area fo r  NO2 are about 0.5mn/s. 

Ratio of NO2 and smoke t o  CO i n  the livingroom. Internal  doors closed. 
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Figure 9. Warm a i r  heating Figure 10. Warm water heating. 

A second set o f  measurements has been held (Kornaat, 1990). Thereby AL2O3(9?'%) and Ti02(2"d) dust 
par t ic les  o f  2 t o t  14 pm (90%) have been injected i n to  a l l  rooms. The decay has been monitored with 
Tyndallometers which have the i r  peak sens i t i v i t y  between 2 t o  5 pm. The theoretical ve loc i ty  a t  which 
these par t ic les  w i l l  f a l l  t o  the ground i s  about 2 mn/s. 
Dust concentrations have been simulated for d i f ferent  conditions, as shown f o r  the l i v i n g  room i n  Figure 
11. 

1 dilution by ventilation only, no sink terms 
2 1+ full deposition in the ducts 

\, '318 3 2+ deposition of 2 mm/s in the rooms 
E 
U 

4 ventilation and deposition of 2 mm/s in the rooms 

I*  - Time (hour) 14 

Figure 11. Measured and simulated decay of dust. 

For the combination o f  llventiLation and f u l l  deposition i n  the ducts and a cer ta in  deposition veloci ty  
i n  the roomsm the influence of the deposition velocity i n  the sirnulati ons has been investigated. The 
deposition veloci ty  has been set to: 1,2 and 4 mn/s, see f igure 12. 
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Figure 12. 
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Measured and simulated decay o f  dust, varied deposition. 
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