
Indoor Pool Air Quality:
Modern Research & Practical Solutions
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Who is this @poolgeek?



Smelly Pool:  Hygienic or Hazardous?

• Healthy water is sanitized to eliminate microbial hazards

• Sanitized water is not necessarily healthy for swimmers/staff due to 
long term chemical hazards from byproducts of disinfection/oxidation

• Airborne byproducts also promote corrosion of building infrastructure
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The Chlorine Crutch 
(problem 1 of 2)
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Microbial risk is 
generally a more 
immediate risk

• Primarily associated 
with fecal 
contamination of water

• Non-faecal human 
shedding is an 
additional source of 
organisms plus organic 
material

Chemical risk can be 
immediate 

• Spontaneous reactions 
& acute toxicity as a 
respiratory hazard 
(chlorine gas created 
from unintended 
chemical mixing)

• Skin/eye contact when 
in water

Chemical risk is also a 
long term issue

• Greater exposure risk 
with competitive 
swimmers and pool 
staff

• Harder to evaluate due 
to scope of time, 
complex chemistry 
(difficult to assess all 
the variables in play)

• Routes of entry to the 
human body are 
penetration through 
the skin @ 33–40%  
and inhalation @ 40–
67% (multiple sources 
summarized as per 
Ratajczak & 
Pobudkowska, 2020)
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Why is this 
more 

important 
now than 

ever?

• Denser populations (more people sharing pool space)

• More complex pools (water features/aeration of warmer 
heavier loaded pools, bather activity level)

• Short sighted cost cutting at the design/construction stage

• More pressure for environmentally sustainability

• Consequences to well intentioned measures to be “green” 
(may have the opposite effect)

• Improvements with chemical test technology

• Progressive research
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The Shedding 
Situation 
(problem 2 of 2)

Research by Maarten Keuten (Netherlands) on competition swimmers:

• Initial pollutant release was found to be 31%

• Continual pollutant release 37% of the total amount of released pollutants.

• The remaining “incidential release” at 32% calculated with 30 mL urine 
release per bather (as per Gunkel and Jessen 1986). 
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The Shedding Situation (problem 2 of 2)
Parameters most relevant to describe the human pollutant release were:

• non-purgeable organic carbon (NPOC), 

• total nitrogen (TN)

• Urea

• Ammonium

• intracellular adenosine triphosphate (cATP)

• particle distribution

• intact cell count (iCC)
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= people bring in chemical waste plus lots of floaties



The Shedding Situation (problem 2 of 2)
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The Shedding Situation (problem 2 of 2)
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Water Temp & Intensity of Activity
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What does it turn into? (disinfection byproducts)

• Chloramines (organic/inorganic)

o Respiratory irritant & swimming-pool associated asthma development

• Trihalomethanes

o Regulated carcinogenic byproduct (bladder cancer) in drinking water that has been detected in the blood and breath of swimmers and of non 
swimmers at indoor pools.  

o Use of HOBr yields 74% more THM than conventional disinfectant (HOCI) under the same conditions. (Judd and Jeffrey, 1995)

• Halonitriles

• Chloropicrin

• Halogenated acetic acids

o Irritate eyes, skin, and mucous membranes

• Cyanogen Chloride

• N-nitrosodimethylamine (NDMA) 

• a drinking water contaminant of concern because of its miscibility with water, as well as its carcinogenicity and toxicity. 

• Chlorite/Chlorate (these are independent of swimmer contamination)

• Decomposition of stored sodium hypochlorite

• Chlorine dioxide when produced from 2 part solution of sodium chlorite & acid
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https://www.epa.gov/sites/production/files/2014-03/documents/ffrrofactsheet_contaminant_ndma_january2014_final.pdf
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Simplified & specific

Volatile Disinfection Byproducts (DBPs)

• Inorganic tri-chloramine (NCl3) in the air and di-chloramine in the water (NHCl2) 

• Chloroform (CHCl3) in the water present at 2-20x higher in pool than tap water and a positive 
correlation between levels in air.  (Weisel, 1994)
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Simplified & specific

WorkSafe BC (Canada):

Proposed guideline and occupational exposure limits currently range from 0.1 to 0.5 mg/m3.  
However the proposed 0.5 mg/m3 limit (WHO) may be too high as irritant health effects occur at 
lower concentrations.

Based on research that has been conducted to date, WorkSafeBC recommends that airborne 
concentrations of chloramines in indoor water recreation facilities be kept below 0.35 mg/m3.
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Simplified & specific

Some European countries propose a lower guideline for trichloramine in the air of indoor swimming 
pool complexes, 0.2 to 0.3. THMs are the only organic DBP class known to be regulated in swimming 
pool waters. For the total THM concentrations (sum of trichloro-,bromodichloro-, dibromochloro-
and tribromo-methane).

The German standard DIN 19643 suggests a guideline value of 20 μg/L in swimming pool waters, 
whilst Denmark's Statutory Order no 623 recommends total THM concentrations do not exceed 25 
μg/L in pool waters.

• Carter, R. A., & Joll, C. A. (2017). Occurrence and formation of disinfection by-products in the 
swimming pool environment: A critical review
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Simplified & specific

Future pool log?

Pool Chemistry Test April 1, 2035 
pH 7.1
Free Chlorine 0.80 ppm
Monochloramine 0.10 ppm
Dichloramine 0.05 ppm
Trichloramine 60 ppb (air)
Chloroform <10 ppb (water)



Volatility
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Chloramine chart source: Baxter, 2012
Supplemental chart: Weng, 2011

Chloroform (CHCl3) 185

Cyanogen Chloride (NCCl) 108

Methanamine (CH3NCl2) 154

Volatility



#truth

A swimming pool can be considered as a kind of “DBP reactor” where 
the continuous input of anthropogenic substances and the continuous 
dosing of reactive chlorine in each treatment cycle results in partial 
removal of dissolved organic carbon and accompanying formation of 
DBPs. (Zwiener, 2007) 
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Terminology
• Active Chlorine (HOCl)

• Free Chlorine (HOCl + OCl- + CY-Cl)

• Cyanurate Bound Chlorine (CY-Cl)

• Total Chlorine (HOCl + OCl + NH2Cl + NHCl2 + NCl3 + other oxidant residuals)

• Combined Chlorine / chloramine (in water)
• Monochloramine
• Dichloramine
• Organochloramine (THM)

• Volatile Disinfection Byproducts (DBPs in air)
• Chloramine (nitrogen trichloride)
• THM (chloroform)

• Other oxidant residuals
• Ozone (contact tank)
• Oxone® (potassium monopersulfate – temporary pool residual) 
• HydroXan® (TCDO oxidant / chlorine dioxide - persistent pool residual from continual dosing 

application.
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This is stabilized chlorine (generally only applicable to outdoor pools)
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This is stabilized chlorine (generally only applicable to outdoor pools)

• DPD1 Tablet
• or DPD 1A + 1B Liquid
• or “fake” DPD2 (Taylor please change this!)

ORP (mV) is the closest 
correlation

All the compounds in this box 
are accounted for with the 

DPD3 Tablet or Liquid

Specific test method 
with “real” DPD2



What are we measuring?
In general, water concentration is measured as a part per million (ppm) 
aka - milligram per liter (mg/L)

• one inch in 16 miles

• one cm in 10 kilometers

• one second in 11.5 days

• one minute in two years

Air concentrations can be ppm but more often milligram per cubic 
meter (mg/M3)

• Other occupational limits are more established (ozone, chlorine, HCl, CO, CO2)

To convert units: 
• Concentration (ppm) = 24.45 x concentration (mg/m3 ) ÷ molecular weight (120.365 g/mol for trichloramine)
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Equation Credit: https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.files/fileid/14285

https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/display.files/fileid/14285


Other chemical hazard limits (Alberta Occupational Health Code)

Ammonia 35 ppm (24 mg/m3) - 15 Minute Exposure

Ozone 0.3 ppm (0.6 mg/m3) - 15 Minute Exposure

Chlorine 1.0 ppm (2.9 mg/m3) - 15 Minute Exposure

Haloacetic acids (3) 0.5 – 1.0 ppm (1.9 – 6.7 mg/m3) – 8 Hour Exposure

Chloropicrin (Trichloronitromethane) 0.1 ppm (0.7 mg/m3) – 8 Hour Exposure

Cyanogen chloride 0.3 ppm (0.8 mg/m3) – Ceiling Limit

Hydrogen Chloride (HCl / muriatic acid) 2 ppm (3 mg/m3) – Ceiling Limit

Carbon Dioxide 30,000 ppm (54,000 mg/m3) - 15 Minute Exposure

24



Obstacles to Better Air Quality

• Reliance on the traditional combined chlorine water measurement from a test kit as the only 
tracked value related to air quality:

“No direct correlation exists between the trichloramine concentration in the indoor pool air and the 
corresponding value for the chemical parameter ‘combined chlorine’ in pool water.” 
- Dr Ernst Stottmeister, German Federal Environmental Agency

• Lack of regulation / lack of buy in to test for non regulated compounds

• Most test kits cannot differentiate mono from di-chloramine in water

• Hazardous compounds are volatile (transfer readily from liquid to gas)

• Chemical complacency (the chlorine crutch)

• Water testing terminology vs. reality

• Strict adherence to traditional methods/practices/thinking

• Reliance on anecdotal reasoning
• pH @ 7.50 ?
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Obstacles to Better Air Quality
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Combined Chlorine Differentiation:
Next Generation Testing

27

https://primelab.org/



Combined Chlorine

• Dichloramine and nitrogen trichloride are 
undesirable byproducts 

• they are less stable and cause greater 
“swimming pool”- type taste and odor 
problems when they exceed concentrations 
of 0.80 mg/L and 0.02 mg/L (respectively) in 
water.

Source: Chloramine Fact Sheet - Water Quality 
Association 2014

https://www.wqa.org/Portals/0/Technical/Tech
nical%20Fact%20Sheets/2014_Chloramine.pdf

(secondary sources in document above)
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Step 1: Reduce 
Contamination

• Showering before entering the pool improved water quality in a simple and 
economic way. Controlling user behavior by introducing a shower 
requirement reduced THM levels in pool water by 27%. (Ratajczak & 
Pobudkowska, 2020)

• If swimmers avoided urinating in pools, then air and water quality would likely 
improve independent of other changes in water treatment or air circulation. 
(Lian et al, 2014)

• Consider supply and demand factors with water quality:

• Reduce demand (monitor and restrict bather loading to limit the stress 
on a pool treatment system).  

• Increase supply (more turnover time between busy swims), or more 
frequent backwashes (filtrate discharge) between peak bather loads.

• Schedule brief pool clearings to encourage toilet use 

• Showering after high temp exposure before pool entry (sauna/steam room)

• Regular cleaning of accessories (foam toys, lifejackets)
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Step 2: 
Enhance Water 

Circulation & 
Filtration

This is a major limiting factor due to existing facility infrastructure and design but 
in most cases there is room for improvement.

• Proper cleaning of high contamination areas (surge tank, gutters, removable 
stairs)

• Hydraulic dye test to minimize circulation dead zones

• Regular inspections of filter system 

• Media condition (appropriate depth & a level media surface)

• Measure pre/post filter chlorine demand

• Inline turbidity pre & post filter

• Correct selection and dosing of chemical filtration aids (charge optimized 
coagulant/flocculent)

• Granular activated carbon (GAC) filtration

o GAC filtration showed the highest removal of volatile DBPs. Almost the 
entire amounts of trichloramine, combined chlorine, and 
dichloroacetonitrile were removed by GAC filtration. (Skibinski, 2019)

o Practical implementation: It is possible to retro-fit a medium rate sand 
filter of sufficient depth to function as a multi-layer filter.  Should be 
incorporated as part of a treatment process designed for swimming pool 
applications that addresses the need to re-activate the media.  Carbon 
selection (source/grade/preparation treatment) is also critical.  
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Multi Layer Filter
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PRE FILTER CLARITY 
POST FILTER CLARITY

The goal result:



Reasons you need 2 ppm chlorine
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Reasons you need 2 ppm chlorine
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Step 3: 
Optimize 

Disinfection

• Swimming pools should be operated with pH not lower 
than 6.8 in order to limit trichloramine exposure and not 
higher than 7.2 in order to limit THM formation. (Hansen, 
2013)

• Assess and reduce the dependency on higher free chlorine 
levels.  

• Consult with your health officials, reference European 
(DIN Standard) tolerances or other Canadian (Alberta) 
allowances for lower levels.

• Part of your occupational health control for indoor pool air 
quality should be to have a monitoring standard (testing 1-
2x/year) and implement a “clean oxidation plan” as an 
ongoing intervention.      

• Full implementation of step 2 strategies will set you up for 
success on step 3.  
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Clean Oxidation: 

36

Reduce oxidative load in the pool water

Chlorine is more active as a sanitizer when oxidative load is reduced

Reduce the accumulation of recycled pollutants

Higher ORP (mV) with less chlorine (ppm)

• Ozone: O3 -> O2 + O

• Hydroxyl oxidation “advanced oxidation process”: 

• H2O2 + UV → 2·OH

• HOCl + UV → ·OH + Cl·

• O3 + HO− → → ·OH + O2

• TiO2 + UV → e− + h+ → → → Ti(IV)-·OH + H+

• Potassium Monopersulfate (Oxone®): HSO5 -> HSO4 + O

• TCDO (HydroXan®): Cl4O10 -> 2Cl + 4ClO2 + O2



Clean 
Oxidation:

Ozone full stream design criteria:

 Contact tank time: 2-3 minutes 

 Contact tank residual: 1.0 – 1.5 ppm

Some THM formation but substantial decrease of total organic matter:

• Ozonation of tap water used to fill swimming pools and pool water 
with fresh non-chlorinated pollution reduced THM formation.

• Ozonation of pool water increased THM formation as ozone reacts 
slowly with recalcitrant organic matter that remains after extended 
chlorination. Consequently, ozone is degraded to hydroxyl radicals 
which then react with dissolved organic pollutants making them 
more reactive to subsequent chlorination.

(Hansen, 2016)

• Hydroxyl oxidation (Advanced Oxidant Processes) with or without ozone 
appear to have a similar mechanism as ozone with the hydroxyl radical 
being the primary oxidizer.

o Contact time/dosing residual are not well established variables with 
best practices like ozone.  
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Clean Oxidation: 
Generation equipment: Ozone & Hydroxyl oxidation

38
Q-class ozone systems: https://www.cmpcommercial.com/product/quantum/Advanced Oxidation Process by Clear Comfort: https://clearcomfort.com/commercial/



Clean Oxidation: 

Oxone® (monopersulfate) hand dosing:

• 12-18 ppm shock treatment (pool)

• 30-60 ppm shock treatment (spa)

• Swimming can resume shortly after treatment

• Loss of active strength if solution tank 

dosing is attempted (the active half life is measured in 
hours)
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Clean Oxidation: 

HydroXan® (TCDO) Dosing:

• Continual low dose via metering pump 

into treated return line

40

WAPOTECH INC.
Warwick, RI
t: 401 921 4050
e: mueller.s@wapotech.com

WAPOTEC
Salzburg, Austria
T: +43-662-43434214
E: office@wapotec.at

mailto:mueller.s@wapotech.com
mailto:office@wapotec.at


Clean Oxidation: Questionable attempts

Breakpoint Chlorination

• Accelerates the undesirable oxidation reactions, does not prevent them

• Give a false sense of confidence that combined chlorine is reduced 
(monochloramine levels in the water are only part of the picture)

• Inorganic nitrogen is driven to trichloramine – not in the water anymore

• The reality of pool hydraulics is a further limitation  

• The reactions continue even after chlorine levels are reduced again

• The procedure is often done without consideration for air quality monitoring 
for the health of staff/building occupants

• Organic nitrogen (urea) does not respond to breakpoint chlorination

41
Image Source: https://markn.ca/2020/dumpster-fire/



Breakpoint is broken (inorganic nitrogen)
Ammonia + 10x HOCl -> Nitrogen gas: 

2NH3 + 3HOCl -> N2 + 3H2O + 3HCl

• This excludes organic chloramine, which does not respond to breakpoint.

• Ammonia binds to free chlorine to form monochloramine, ammonia 
exists very briefly in chlorinated pool water.

• A more realistic scenario begins with monochloramine (instead of 
ammonia).  The result is driving the reaction too far and the end product 
of nitrogen trichloride gas, instead of nitrogen:

Monochloramine + 10x HOCl -> Nitrogen Trichloride

NH2Cl + 2HOCl -> NCl3 + 2H2O 

(Lightcap, 2007)
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Breakpoint is broken (organic nitrogen)
It’s complicated.

Urea represents a reservoir for formation of NCl3 and 

other compounds in pools. (Blatchley, 2010)
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Breakpoint is broken (organic nitrogen)

Urea represents a reservoir for formation of NCl3 and 

other compounds in pools. (Blatchley, 2010)
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Ultraviolet Dechloramination
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• Significantly increases the chlorine demand of pool water 

• Increases formation of some DBPs (more particularly TCM, BDCM, CDBM, DCAN, TCP and TCNM) during 
the post-chlorination step. (Cimetiere, 2013)

• In the particular case of trichloramine, results confirm that its removal across the treatment train is not 
a feasible mitigation strategy because it cannot compensate for the fast formation in the basin. 
(Skibinski, 2019)

• France (2018) – on implementing radiation lamps for dechloramination water in public pools:
• Test THMs in water basins to frequency at least monthly
• Test Nitrogen trichloride and THMs in the air, twice a year
• Respect the value of 100 micrograms/L recommended by the WHO for the levels of THMs in water 

basins; 
• Prohibition of reducing intakes of new water compared to those existing before use 

UV devices, they should not, in any case, never be less than the value 
regulatory 30 L per swimmer per day



Step 4: Ventilation System Performance

• Focus on what’s in the water first then look at the system that deals with moving the 
airborne contaminants.

• As long as there’s free chlorine (or bromine) in the water, there will be some degree 
of undesirable chlorine oxidation.  Low levels of chloroform and trichloramine will still 
be present in well treated and/or low use pools and ventilation is still a critical stage 
for the health of bathers & staff.

• WHO:  2 cfm/sq ft (10.0 litres outdoor air / s / m2 water area

• ASHRAE STANDARD 62.1-2004: 0.48 cfm/sq ft (2.4 l/s/ m2) outdoor air

• ASHRAE HANDBOOK (2007) 4 – 8 Air changes per hour for indoor pools

• VDI (Association of German Engineers): 2.8 L/S per m2 water area
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Step 4: 
Ventilation 

System 
Performance

Most HVAC systems limit air velocity across the pool surface.  

Higher air velocity (attempt to move trichloramine) is 
undesirable:

• Swimmer chilling

• Increases evaporation

• Increased rate of trichloramine release

(Baxter, 2012)
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Step 4: Ventilation System Performance
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Source Capture and Exhaust Strategy (ASHRAE):

• Take advantage of the (high) density of trichloramine 
vapor to keep it separate from HVAC room air circulation. 

• Exhaust trichloramine vapor to the outside from a level 
close to the waterline (the source of the trichloramine 
vapor) before it has a chance to diffuse into the 
natatorium space. 

• Design the room air circulation system to set up a gentle 
air movement across the pool water surface that is 
complementary to the source capture exhaust flow. 

• Allow fresh ventilation air to replace the trichloramine 
vapor. 

(Baxter, 2012)
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Pool Side 
Results
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Pool Side 
Results

50

Date
Sample 

Location ID
Trichloramine 

(mg/M3)
3/13/2019 A 0.72
3/13/2019 B 0.52
3/13/2019 C 0.52

New control strategies implemented
5/25/2019 A 0.27
5/25/2019 B 0.11
5/25/2019 C 0.08



What about 
outdoor 
pools?

• Most research is focused on indoor pool air quality 

• specifically pools with no CYA present

• Ventilation rate should be favorable outdoors

• no recycling/accumulation of byproducts in air

• greater risk reduction to pool staff on deck, less for swimmers

• CYA has a significant impact on 2 dynamics:

1. Presence of active chlorine vs “cyanurate bound” (CBC) chlorine 
species:

• HOCl exists as small fraction of other chlorines.  

• CYA bound chlorine still registers as free chlorine but is less active

• HOCl is approximately 0.3 * FC / CYA (Falk, 2019)
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outdoor 

pools?

• Most research is focused on indoor pool air quality 
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• Ventilation rate should be favorable outdoors 

• no recycling/accumulation of byproducts in air

• greater risk reduction to pool staff on deck, less for swimmers

• CYA has a significant impact on 2 dynamics:

1. Presence of active chlorine vs “cyanurate bound” (CBC) 
chlorine species:

• HOCl exists as small fraction of other chlorines.  

• CYA bound chlorine still registers as free chlorine but is less 
active

• HOCl is approximately 0.3 * FC / CYA (Falk, 2019)

2. Formation rate of DBPs

• Rate and quantity of nitrogen trichloride produced from 
the oxidation of ammonia by chlorine is related to the 
hypochlorous acid concentration and not to the free 
chlorine level. (Falk, 2019)
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Summary 
Points

1. Use chlorine responsibly (should be a pool 
operator’s primary goal)

2. Supplement with non-chlorine oxidation

3. Educate the swimming public 

• Get buy in from athletes and parents

4. Create a more sustainable future for swimming

(Lightcap, 2012)
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Thank you!

Questions and feedback are appreciated!

Brent Miller

Automated Aquatics Canada Ltd.

(780)660-3261

brentm@automatedaquatics.com

@poolgeek
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