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 Presentation copyright © by Hoy Bohanon 
Engineering, PLLC

 Indoor Air Quality Guide copyright by ASHRAE 
available for download at 
www.ashrae.org/iaq

 Other material cited are copyright by authors 
as noted

 The user assumes the entire risk of the use of 
any information in this presentation
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 Learn the essential principles of Indoor Air 
Quality

 Review the Indoor Air Quality Guide (free 
from ASHRAE)

 Discuss practical applications of the Guide
 Evaluate effects of various energy savings 

practices on IAQ
 Learn the effects of ventilation and IAQ on 

performance in schools and offices
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8:30am Logistics and Introductions

8:45am Indoor Air Quality Guide

10:00am Break – 15min

10:15am Indoor Air Quality Guide

12noon Lunch

12:45pm Afternoon Exercise: Applying the IAQ Guide in 
Your Facility

2:00pm Break

2:15pm Energy Savings Ideas that Affect IAQ.  
Effects of IAQ on Performance in Offices and 
Schools

3:30pm Learning Assessment and Feedback Forms
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 Hoy Bohanon



 Describe design and construction strategies 
to improve IAQ relative to current practice 
and minimum codes & standards.

 Provide a comprehensive, practical resource 
for building professionals on achieving good 
IAQ.

 Provide a rational framework for evaluation of 
“trendy” measures to enhance IAQ.
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Poor IAQ:
• Increases absenteeism 
• Increases health costs
• Decreases productivity
• Ties up O&M resources on complaints
• Increases vacancies & turnover
• Lowers rent levels
• Can cause building closures
• Can require costly repairs
• Can lead to litigation
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Presenter
Presentation Notes
Cost of first three estimated by Fisk 2000 and Mendell et al 2002 at $10s of billions/year.
Cost of litigation estimated by Levin 2005 as greatly in excess of $500M/yr
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Adapted from Angell and Daisey 1997



 In decreasing order of importance:
◦ Excessive building moisture
◦ Inadequate amount or quality of outdoor air
◦ Surface dust
◦ Gases and odors
◦ Inadequate thermal control
◦ Inadequate attention by management to 

preventing adverse effects of IEQ on occupants vs. 
minimizing immediate costs

*Mendell, et al. 2006
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Presenter
Presentation Notes
Clean, dry, well ventilated, well executed, efficient
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• Integrate design approach and solutions (1.1)
• Commission to ensure that the owner’s IAQ 

requirements are met (1.2)
• Select HVAC systems to improve IAQ and reduce the 

energy impacts of ventilation (1.3)
• Schedule and manage construction to preserve IAQ 

(1.4)
• Design and build to facilitate O&M for IAQ (1.5)
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1.1

Integration starting at 
conceptual design is critical:
 Many early decisions affect IAQ:  

e.g., siting, massing, orientation, 
openings, access

 Avoids foreclosing options, as 
sometimes happens when 
conceptual design focuses on 
aesthetics and presentation 
without considering implications 
for ventilation, IAQ, thermal 
control, illumination, acoustics 
and energy

 Early interaction allows synergies 
to be captured

 Lays groundwork for an 
interactive process

Integrate design approach and 
solutions

16

Presenter
Presentation Notes
Siting:  loc of air, soil or gw pollution sources on site.  Vehicle roads, parking areas/structures, nearby ind, ag, comm activities.
If natural ventilation is to be used, location of bldg and openings wrt sources of noise is critical.  
Massing – narrow profile can enable cross ventilation or at least local ventilation w/windows.  Wide profile cannot but helps reduce envelope-dominated heat loss.
Massing and orientation – affect potential for passive ventilation.
Openings – where are operable windows AND OA intakes relative to pollutant sources?  E.g. unit ventilators next to bus loading areas at a school.  Distance, wind direction, canopies.
Pollutant sources include those being added with the building:  Parking/loading areas, waste storage, exhaust outlets from combustion appliances or lab or cooking equip, cooling towers.  Bldg ventilation conceptual flow diagram should show these and avoid obvious pathways.

Materials: schematic design.  Emission rates, resistance to microbial growth and pests, in-place curing, flush-out.



Traditional Design 
Approach

 Hierarchical
 Compartmentalized
 Linear/sequential
 Transactional

Integrate design approach and 
solutions

Traditional approach:
Design retrofit  build?

17

1.1

Presenter
Presentation Notes
Traditional approach: building’s basic concept ends up reflecting only some of the important considerations. Then the remainder
of the design process looks more like an effort to retrofit the design concept to accommodate the concerns ignored initially.  E.g., engineer “retrofits” mechanical systems to pre-existing architectural design




1.1 Integrated Design
 Team-based (& 

larger team)
 Holistic
 Organic
 Collaborative 

Integrate design approach and 
solutions

Integrated approach: Potentially more 
optimized and cost-effective

18

Presenter
Presentation Notes
Matches the design process to the physical reality of the design (virtually every element affects every other element).

Owners rep should include O&M view – e.g. owner’s facility management staff.



1.1
Interactions among ceiling height & type, 
air quality, thermal control and daylighting:
 Higher ceilings and taller windows allow 

daylight to penetrate deeper into the space, 
reduce illumination energy and associated 
loads.

 Proper shading admits light but controls 
unwanted solar gain, glare, material emissions.

 Higher ceilings allow thermal and air pollutant 
stratification. Displacement ventilation 
capitalizes on this.

 Exposed ductwork and elimination of 
suspended ceilings offset some costs of 
greater height.

 Longer lag time associated with thermal 
stratification may permit further reductions in 
equipment sizing.

Integrate design approach 
and solutions

Example
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Presenter
Presentation Notes
Displ ventilation requires low loads to work (13 Btu/ft2)



1.1

Select HVAC systems to improve IAQ 
and reduce energy impacts of 

ventilation

20

Presenter
Presentation Notes
Do not have time to go through this topic in detail.

Doesn’t present all options such as DOAS, ERV.  



1.3

Select HVAC systems to improve IAQ

Regional/local and project-specific 
IAQ issues

21

Presenter
Presentation Notes
Do not have time to go through this topic in detail.



1.3

Select HVAC systems to 
improve IAQ

Regional/local, project-
specific IAQ issues

22

Example: Need for positive
building pressurization and
HVAC system type

Table 1.3

Presenter
Presentation Notes
Positive pressurization is critical for:
mechanically cooled buildings in warm humid climates, to reduce risk of infiltration, condensation and mold growth in building cavities
Refrigerated buildings (refrigerated warehouses, ice arenas) in most climates – again to reduce the risk of condensation and mold growth in building cavities
Any builidng in an area with poor outdoor air quality, to reduce infiltration of untreated air
Discussed in detail in a later section, but the point in this section is to consider regional/local IAQ needs when selecting HVAC system types – some are much less suitable for bldgs that require positive pressurization than others.



1.3

Select HVAC systems to 
improve IAQ

Consider IAQ implications 
of HVAC system options

23

Presenter
Presentation Notes
Do not have time to go through this topic in detail.



1.3

Select HVAC 
systems to 

improve IAQ

Consider IAQ implications 
of HVAC system options

Example: VAV with reheat
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VAV System With Reheat 
– IAQ Considerations:

• Maintaining minimum OA flow when 
supply air flow decreases

• Different zones need different amounts 
of OA but AHU provides OA fraction –
need to satisfy zone with highest OA 
requirement

• Heating/cooling costs of high pct OA

• Water piping in ceiling space to serve 
the reheat coils

• Requires service access for reheat 
coils and valves, VAV damper 
actuators and flow sensors

• Relatively simple to understand and 
maintain



1.2 KEY POINTS
 Cx is NOT just inspection at the end!!
 Pre-design
◦ Owner’s IAQ requirements – risk-based approach 

to scope and budget
◦ Needed specialists
◦ Schedule considerations

 Design
◦ IAQ Basis of Design
◦ Design review
◦ Prep Cx specifications

 Construction & occupancy
◦ Coordination
◦ Submittal review
◦ Mock-ups
◦ Construction observation
◦ TAB verification
◦ Functional testing
◦ Systems manual, O&M training

Commission to ensure that 
IAQ requirements are met

Build quality in from the 
start

25

Presenter
Presentation Notes
It’s not just functional testing by a long shot.
Cx team – may need building envelop specialists, for example



1.2 Why Commission?
 No QC, no quality
 Every building is a 
prototype

 Every project has a new 
team

 Budget pressures
 Time pressures

Commission to ensure that 
IAQ requirements are met

No quality control… 
no quality
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Presenter
Presentation Notes
Like cars, computers and medical procedures, bldgs need QC
Like a sports team that’s never played together, a project team’s work may not be fully coordinated.
Budget pressures – less times spent on design, undesirable changes during value engineering, awarding of contracts based on low bid – poor matls or cutting corners in execution, elim of site visits by design professionals
Time pressures – incomplete design work, improper sequencing of work, unspoken agreements to turn a blind eye on known problems that would delay completion.




1.2 Why Commission?
 Architectural
◦ Performance specs without 

construction details
◦ Diffusion of responsibility 

among envelope contractors
 Mechanical
◦ Performance specs for the 

control system
◦ Controls contractor may not 

understand HVAC systems
 Innovative systems may 

cause innovative problems

Commission to ensure that IAQ 
requirements are met

No quality control… 
no quality
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1.2

Commission to ensure that 
IAQ requirements are met
Start in pre-design to maximize impact and minimize cost

28

Adapted from CH2M HILL



1.2  Identify owner’s project 
requirements for IAQ
◦ Risk-based approach, e.g.
 Moisture
 Legionella
 OA quantity
 OA quality
 Exhaust of contaminants
 Air distribution
 HVAC maintenance
 Innovative systems, e.g. ERV, 

UFAD
◦ Define performance and 

acceptance criteria
◦ Resources:
 IAQ Guide
 ASHRAE Guideline 0 Annex J
 NIBS Guideline 3 Annex J
 ASHRAE Guideline 1.1  Annex J

Commission to ensure that 
IAQ requirements are met

Pre-design
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Presenter
Presentation Notes
OPR – Must define perf and acceptance criteria – translate owner generalities.  Include owner expectations for impact of building on occupants (sick leave, productivity, etc) that may go beyond code minimum.
Risk-based approach – ID potential risks/failure modes:  catastrophic vs partial.  ID criticality and potential costs- remediation, life and health impacts.    Group, prioritize, cost out Cx, iterate til owner is satisfied with ratio of Cx costs to failure costs.
For example:  Excessive moisture is most impt cause of bldg-related symptom complaints and has also led to catastrophic failures that have rendered bldgs unusable and required massive repairs as well as partial failures that have led to loss of tenants, increased sick leave, etc.  Strongly suggests Cx of bldg enclosure should be high priority for IAQ, but as of 2004 most LEED projects hadn’t included envelope in Cx scope even though LEED requires Cx of any bldg element or system that has an impact on efficiency, water use or IEQ
Gdl 0 – format.  Gdls 3 and 1.1 – examples.  Gdl 3 includes many relevant to IAQ.



1.2  Include needed 
specialists 
◦ e.g., bldg envelope 

specialist
 Integrate Cx for IAQ into 
schedule
◦ Design phase workshop
◦ Design review
◦ Submittal review
◦ Pre-construction meeting
◦ Construction and testing 

of mock-ups
◦ Construction observations 

while assemblies are open
◦ TAB verification
◦ Functional testing

Commission to ensure that 
IAQ requirements are met

Pre-design
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Presenter
Presentation Notes
Envelope specialist
Mech Cx developed before envelope Cx and there are more experienced providers.
Building envelope specialists bridge the gap between the architect as generalist and the envelope contractor/subcontractors as specialists in order to reduce the risk of envelope failure. Knowledge of:
Design issues
relevant performance criteria; 
suitable products; 
detailing of interfaces; 
Construction issues
material substitutions, 
shop drawings and submittals; 
reviewing and testing mock-ups; 
monitoring on-site construction; 
functional performance testing for water penetration, air infiltration, etc



1.2  Developed by designer 
 “Concepts, calculations, 
decisions, and product 
selections used to meet 
the [OPR] and to satisfy 
the applicable regulatory 
requirements, standards, 
and guidelines”

 Resources
◦ ASHRAE Standard 62.1
◦ ASHRAE Guideline 1.1 Annex 

K
◦ NIBS Guideline 3 Annex K
◦ IAQ Guide

Commission to ensure that 
IAQ requirements are met

Design Phase:  IAQ Basis of 
Design
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1.2

Commission to ensure 
that IAQ requirements   

are met

Design Phase:  IAQ Basis 
of Design 

Regional & local outdoor 
air quality (Std 62.1)
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1.2

Commission to ensure 
that IAQ requirements are 

met

Design Phase:  IAQ Basis 
of Design – Ventilation 
design criteria and VRP 
Assumptions (Std 62.1)
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1.2

Commission to ensure that 
IAQ requirements are met

Design Phase: IAQ Basis of 
Design

VRP Assumptions (Std 62.1): 
Example

34

VUV basis of design courtesy Hallberg Engineering, Inc.  
Photo courtesy Center for Energy & Environment

Presenter
Presentation Notes
This VUV information is included in the schedules in the drawings.  Separate sheets devoted to ventilation design intent.



1.2  Air leakage criteria for walls, 
windows, curtain walls, 
storefronts, skylights, doors

 Water leakage criteria for 
same plus below-grade 
systems, slabs on grade

 Water vapor and condensation 
requirements for same

 Thermal performance criteria
 Site circulation/access 

(vehicle exhaust issues)
 Exhausts that may damage 

roofs
 Roof drain sizing

Commission to ensure that 
IAQ requirements are met

Design Phase:  IAQ Basis of 
Design – Building enclosure 

(NIBS Gdl 3)
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 General quality
 Coordination:  

constructability, interfaces
 Discipline-specific review 

for achieving the OPR
 Spec applicability to project, 

inclusion of Cx
requirements, submittal 
requirements, consistency 
with OPR and BOD, 
coordination

Commission to ensure 
that IAQ requirements 

are met

Design Phase:  Design 
review

36
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1.2
 Two buildings, 900,000 ft2

 Humid climate
 Peer review of structural 

systems showed drift under 
wind loads would exceed 
movement tolerances of 
building enclosure, allowing 
rainwater intrusion

 ID during design review 
avoided significant IAQ 
problems and repair costs

Commission to ensure 
that IAQ requirements 

are met

Design Phase:  Design 
review

Example

37Photo copyright H. Jay Enck



1.2  Contractor participation in Cx
 Submittal requirements for Cx
 Laboratory testing
 Mock-ups of exterior assemblies
 Periodic inspections during 

construction
 Documentation of equipment and 

component performance (checklists)
 Schedule for witnessing testing
 Field testing of enclosures
 TAB verification
 Functional testing of HVAC&R 

systems
 Development and implementation of 

training that meets user needs
 Systems manual

Commission to ensure that 
IAQ requirements are met

Design Phase:  Cx-specific 
construction process 

requirements

38

Presenter
Presentation Notes
Note for enclosure systems Cx activity may be more intensive during construction (testing of mock-ups, periodic inspections to ensure construction consistent with the approved mock-ups). Trades working on the enclosure less likely to be familiar with Cx, so early contractor training and coord critical. Delaying functional testing of the enclosure until it is complete is a really bad idea, since at that point the cost of modifications to correct problems is prohibitive. So Cx of building enclosure may involve factory visits, lab or field testing of mock-ups of typical wall assemblies, small mock-ups of other details, sample constructions, and field observation and inspection
early in the construction phase. Meetings, observation and inspection, testing, and other Cx activities continue through construction and especially during installation of complex portions of the enclosure or milestone events.

Milestones could be: inspection of initial work on a critical detail, assembly, etc. to verify that it is being implemented in accordance with the OPR before a lot of work is done, inspection of work that will later be covered and inaccessible, or observation of construction quality control tests. Examples relevant to IAQ could include inspection of initial work on the roof-wall interface, inspection of the sub-slab vapor retarder or of elements of the radon mitigation system before the slab is poured, inspection of overhead ductwork before ceilings are installed, observation of duct leakage testing.

Construction phase Cx activities for HVAC&R systems tend to be more intensive during functional testing near the completion of construction.



1.2  Coordination
 Submittal review
 Mock-ups
 Construction 
observation

 Verification of 
checklists

 TAB verification
 Functional testing
 Systems manual, O&M 
training meeting user 
needs

Commission to ensure 
that IAQ requirements 

are met

Construction and 
Occupancy

39

Presenter
Presentation Notes
Coordination – Pre-construction mtgs esp. critical for envelope since ene contractors aren’t familiar with it and because many tend to be contracted directly to the general who doesn’t have time, focus or maybe expertise to ensure the final enclosure meets the OPR.  
For HVAC can address timing and content of submittals, checklist procedures, functional testing reqs and contractor roles, retainage, protection of equip and components during storage, temporary use of equip, preservation of access when installing other equip.
Coord among trades – UFAD, access (electrical), not installing HVAC til bldg is dried in.






1.2  Drain pan drains?
◦ No, even though double-

sloped, because AHU is not 
level;  “Too late now…”
◦ Should be caught during 

checklisting

Commission to ensure that IAQ 
requirements are met

Checklists

40
Photo courtesy Center for Energy & 

Environment



1.2 Commission to ensure that IAQ requirements 
are met: TAB verification

41

Classroom unit ventilator air flows before 
(blue) and after (yellow) commissioning

Design flow



1.2  229-room expansion of hotel in Florida
 OPR: moisture-free
 Sliding glass door unit failed initial 

water spray testing and second round 
after modifications by Cx, design and 
construction team

 After modifications by manufacturer 
and implementation of a checklist 
procedure, all doors tested passed

Commission to ensure that 
IAQ requirements are met

Enclosure functional tests

Example

42

Photo courtesy Dave MacPhaul, copyright CH2M 
HILL



1.2

Commission to ensure 
that IAQ requirements 

are met

Enclosure functional 
tests

Example

43

Photos courtesy Dave MacPhaul, copyright CH2M 
HILL



1.2 Was it worth all that testing?
 Six months after the hotel expansion 

opened, Hurricanes Charley, Frances 
and Jeanne struck. Top wind speeds 
over 90 mph (~40 m/s) and rain 
totaling over 14 in. (~356 mm). 

 Older portions of this hotel and other 
properties in the area suffered severe 
water and wind damage. 

 This new hotel expansion did not 
experience any identified water 
intrusion. 

 The expansion had hundreds of sliding 
glass doors, so failure of this 
component could have been 
catastrophic.

Commission to ensure that 
IAQ requirements are met

Enclosure functional tests

Example

44



1.2 Demand-controlled 
ventilation of a theater
 Design ventilation rate 7200 cfm, 

reset 2000 – 7200 to keep CO2
below 900 ppm

 Actual flow never went above 2000 
cfm (BAS trending)

Commission to ensure 
that IAQ requirements 

are met

Ventilation functional 
tests

Example

45



1.2 Stuffy, anyone?
 Programmed reset 2000 cfm at 

1000 ppm CO2 to 3000 cfm at 
1500 ppm

 One of two CO2 sensors read 4 
ppm all the time so “average” CO2
50% low

 AFMS read 1100 cfm with fan off

Commission 
to ensure 
that IAQ

requirements 
are met

Ventilation functional tests
Example: sensor calibration, 

programming problems

46



1.2 Commission to ensure that IAQ 
requirements are met:  HVAC 

functional tests for IAQ – not just 
ventilation

47

Supply water to 
bldg 52.4F

(No sensor here)

Chiller #1 
(off)

Chiller #2 
(on)
Return water to 
chiller ~58.6F

Supply water from 
chiller 46.2F

Return water to 
chiller ~ 58.6F

Supply water from 
chiller ~ 58.6F • No isolation of 

inactive chiller
• High CHW 

supply temp
• Higher air flow 

and energy 
use

• High AHU 
DAT, high 
space 
humidity
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 Limit penetration of liquid water (2.1)
 Limit condensation of water vapor within the 

building enclosure (2.2)
 Maintain proper building pressurization (2.3)
 Control indoor humidity (2.4)
 Select suitable 

materials/equipment/assemblies for areas 
that are unavoidably wet (2.5)

 Consider impacts of landscaping and indoor 
plants (2.6)

49



2.1 KEY POINTS
 Design
◦ Continuous drainage 

plane
◦ Capillary breaks
◦ Site drainage
◦ Contract documents

 Quality control
◦ Pen test
◦ Submittals/shop 

drawings
◦ Water penetration testing
◦ Construction observation

Limit penetration 
of liquid water

50



2.1

Limit 
penetration 

of liquid 
water

Continuous 
drainage 

plane
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2.1

Limit penetration 
of liquid water

Capillary
breaks
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2.1 Limit penetration of liquid water
Site drainage
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2.1  Provide all 
necessary 
sectional and 
detail 
drawings, 
including 3D

 Use 
pen test 
to verify 
continuous 
drainage 
plane

Limit 
penetration 

of liquid 
water

Contract 
documents

54



2.1

Limit 
penetration of 

liquid water

Case study:
Multifamily 

complex

Remediation 
cost: $2M

55

Photos copyright Liberty Building Forensics Group 
®



2.1

Limit penetration of liquid water
Case study: Multifamily complex

Improper roof flashing detail

56

Photo copyright Liberty Building Forensics Group ®

How do you 
avoid this? 
•3D details
•Pen test
•Construction 
observation



2.1

Limit penetration of liquid water
Case study: Multifamily complex

Improper window flashing

57

Photo copyright Liberty Building Forensics Group ®

How do you 
avoid this? 
•3D details
•Pen test
•Construction 
observation



2.1

Limit penetration of liquid water

Window flashing:
Detailed info in Guide

58



2.1
Mold, moisture and IAQ 
problems:
 Pastor symptoms: pastors’ 

offices moved to a 
different building

 Parishioner symptoms: 
signage warning sensitive 
people of mold problems

 Daycare in building, 
concerns about effects on 
students

Limit penetration of 
liquid water

Case Study:
Church, church 
offices, daycare

59



2.1

Limit penetration of liquid 
water

Case Study:
Church, church offices, 

daycare

Incomplete drainage plane

60

Drainage 
space 
behind face 
brick filled 
with mortar 
in many 
areas
Missing 
flashing, 
missing 
weep holes 
in some 
areas

Photos courtesy Center for Energy & Environment



2.1
 Non-continuous air barrier 

allows mold in walls to 
move into building

 Offices and daycare served 
by residential furnaces and 
window AC – no ventilation

 Worship space ventilated 
only 7 hrs/wk (Sunday 
a.m.)

Limit 
penetration of 

liquid water

Case Study:
Church, church 
offices, daycare

Other problems

61



2.2
KEY POINTS
 Design
◦ Air barrier system
◦ Control of convection
◦ Vapor retarder
◦ Fenestration 

condensation resistance 
factor (CFR)
◦ Below-grade slabs/walls
◦ Thermal bridging
◦ Construction documents

Limit 
condensation 

within the 
building 

enclosure
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2.2
KEY POINTS
 Quality Control
◦ Air barrier pen test
◦ Submittals/shop 

drawings
◦ Pre-construction 

meetings
◦ Mock-ups
◦ Qualitative inspections
◦ Testing and verification

Limit 
condensation 

within the 
building 

enclosure

63



2.2

Limit condensation 

Air barrier 
system

Air movement can transport 
hundreds of times more 
moisture than diffusion

64

Types of 
leaks

Presenter
Presentation Notes
Air impermeability:  A material in EACH opaque wall, floor and roof assembly that meets maximum air permeance 0.004 cfm/ft2 at 0.3 in wg (0.02 L/m2 at 75 Pa).  Join it together w/tapes, sealants etc. into an air tight assembly.  Assembly 0.04 cfm/ft2 at 0.3” wg (1.57 psf), whole building 0.4 cfm/ft2 at 1.57 psf.    All SIX sides.
Continuity: 
Join air barrier layer of each assembly with that of adjacent assemblies and to all fenestration and doors until all enclosure assemblies are interconnected and sealed.
Seal all penetrations in the air barrier layer.
Structural support:  The airtight layer of each assembly has to support the entire air pressure caused by wind, stack effect and HVAC system operation.  
Withstand these pressures and transfer the load to the structure.  
Not displace adjacent materials.
Durability:  
Materials and joints flexible enough to withstand building movements due to thermal changes, wind loads, moisture content changes, etc.




2.2

Limit condensation 

Air barrier 
system:

Driving forces for air flow

65



2.2

Limit condensation 

Air barrier 
system:

Requirements

66

Presenter
Presentation Notes
Air impermeability:  A material in EACH opaque wall, floor and roof assembly that meets maximum air permeance 0.004 cfm/ft2 at 0.3 in wg (0.02 L/m2 at 75 Pa).  Join it together w/tapes, sealants etc. into an air tight assembly.  Assembly 0.04 cfm/ft2 at 0.3” wg (1.57 psf), whole building 0.4 cfm/ft2 at 1.57 psf.    All SIX sides.




2.2

Limit condensation 

Air barrier 
system:

Continuity

Also seal all penetrations

67

Peel-and-
stick trim 
work

Liquid-
applied 

air 
barrier

Shepley Bulfinch Richardson and Abbott, 
Architect

Photos courtesy of Wagdy Anis

Presenter
Presentation Notes
1:  Peel-and-Stick Membrane Trimwork and Transitions Being Applied at Georgetown Law School 
2:  Liquid-Applied Air Barrier Being Applied to Balance of Wall



2.2

Limit condensation 

Air barrier 
system:

Continuity

Airtight parapet?  
Not so much…

68

Photos courtesy Center for Energy & Environment

Presenter
Presentation Notes
Continuity: 
Join air barrier layer of each assembly with that of adjacent assemblies and to all fenestration and doors until all enclosure assemblies are interconnected and sealed.
Seal all penetrations in the air barrier layer.
Materials and joints flexible enough to withstand building movements due to thermal changes, wind loads, moisture content changes, etc.




2.2

Limit condensation 

Air barrier 
system:

Structural support

Unsupported 
materials can 

“pump” moisture 
or rupture

69

Adapted from Shaw 1985

Presenter
Presentation Notes
Structural support:  The airtight layer of each assembly has to support the entire air pressure caused by wind, stack effect and HVAC system operation.  
Withstand these pressures and transfer the load to the structure.  
Not displace adjacent materials.
Obviously includes adhesives and fasteners.

Figure:  Polyethylene Air Barrier Ruptures in a Wall with Glass-Fiber Batt Insulation




2.2

Limit 
condensation 

Air 
barrier 
system

Flexibility

70

Foam sealant 
between 
insulation 
sheathing 
boards

Peel-and-stick 
tape on primed 

insulation 
sheathing 

boards

Photos courtesy of Wagdy Anis.

Presenter
Presentation Notes
Figures 2.2-W and 2.2-X show foam sealant applied to all insulation board edges of the Boston College Administration Building (Shepley Bulfinch Richardson and Abbott, Architect) followed by peel-and-stick modified asphalt tape on the primed insulation sheathing boards used as the air barrier.



2.2

Limit condensation 

Air barrier 
system:

Durability

For the life of the 
structure, or 

accessible for 
maintenance

71

No duct tape on 
curtain wall insulation!

Photo courtesy Center for Energy & 
Environment

Presenter
Presentation Notes
Durability:  
Materials and joints flexible enough to withstand building movements due to thermal changes, wind loads, moisture content changes, etc.




2.2
 The air barrier can be 
placed anywhere:  
◦ If placed on the warm-

humid side, it can control 
diffusion; too if it is a low 
perm vapor barrier 
material: air and vapor 
barrier
◦ If placed on the cool drier 

side, it should be vapor 
permeable (>=5 to 10 
perms)

 See IAQ Guide for link to 
numerous free details

Limit 
condensation 

Air 
barrier 

system:
Placement

72



2.2  A mechanically fastened 
and ballasted roof is not an 
air barrier

 Disconnect HVAC plenums 
from the enclosure

 Air sealing foundation walls 
and slab reduces radon and 
vapor intrusion

Limit 
condensation 

Air barrier 
system:

More

73

Presenter
Presentation Notes
Roofs:  Roof-wall continuity is critical and warrants a pre-construction conference w/ all trades involved to discuss the connection and the sequence of making the connection. 
Plenums:  



2.2  Air barrier pen test
 Submittals/shop drawings
 Pre-construction meetings
 Build and test mock-ups 

esp. for complex/unusual 
details

 Qualitative observations
◦ Site and substrate
◦ Air barrier application
◦ Tests with smoke, IR, etc.

 Construction verification
◦ Assemblies
◦ Whole building

Limit condensation 

Air barrier 
system:

Quality control

74

Presenter
Presentation Notes
May want to test mock-ups of each joint type, juncture and transition between products, materials and assemblies.
Mock-up test – ASTM E1186 using smoke tracers.
Qualitative observations
Daily site obs – 
Site conditions appropriate for applic (temp, dryness of substrates)
Structural support of air barrier system
Sheathing surfaces smooth, clean, free of holes or gaps as reqd by air barrier material manuf
Masonry and concrete surfaces smooth, clean, free of cavities, protrusions, mortar droppings.  Mortar joints struck flush or as reqd by air barrier matl manuf.
Surfaces properly primed.
Qualitative inspection of air barrier application
Continuity
Laps 2” min, shingled in correct direction, w no fishmouths
Mastic on cut edges
Roller used to enhance adhesion
Application thickness is to spec
Matls used confirmed for compatability
Transitions installed, strucal support at gaps provided
Connections between assemblies (e.g. membrane and sealants) cleaned, prepared, primed, supported, w/continuity of seal.
Penetrations sealed
Matl not exposed to UV longer than max allowed





2.2

Limit condensation 

Control of 
convection

75

Presenter
Presentation Notes
Convection of moist air can cause condensation and mold growth.



2.2

Limit condensation 

Control of 
convection

76

Bad: Gaps 
between 
and 
behind

Good:  
Embedded 

in mastic 
with sealed 

joints
Photos courtesy of Wagdy Anis

Presenter
Presentation Notes
It’s not just for fiberglass in frame walls!!



2.2  Use vapor control measures 
appropriate to the climate

 Avoid v-barriers where
v-retarders are satisfactory

 Avoid v-retarders where
v-permeable materials are 
satisfactory

 Don’t put v-barriers on both 
sides of assemblies

 Don’t use v-barriers and vinyl 
wall coverings on the interior of 
air-conditioned assemblies

Limit condensation 

Vapor retarders

77



2.2

 If August dewpoint T > Annual average T, 
condensation on below-grade walls is likely

Limit condensation 
Below-grade slabs and walls

78

Presenter
Presentation Notes
Insulate on ground side.  Adhere insul to below-grade walls.  Vapor retarder tight below slab.

School in Minnesota – Mold formed on uncleaned carpets in very humid weather wherever foodstuff for microorganisms had been spilled.




2.2

Limit condensation 

Thermal bridging

79Photocopyright Wiss, Janney, Elstner and Associates, 
Inc.



2.3
KEY POINTS
 Pressure differences move 

moisture and 
contaminants through 
building envelope

 Driving forces: stack effect, 
wind, mechanical

 Pressure differences are 
not the same over the 
entire envelope

 Envelope leakage is 
significant and affects the 
excess of supply over 
exhaust needed for 
positive pressurization

Maintain 
proper 

building 
pressurization

80



2.3
 Mechanically cooled 
buildings in hot humid 
climates

 Low-temperature 
buildings or spaces; 
e.g., refrigerated 
warehouses, ice 
arenas

 Buildings in areas with 
poor outdoor air 
quality

Maintain proper 
building 

pressurization

Applications 
needing positive 

pressurization

81

Presenter
Presentation Notes
Limit moisture loads on HVAC and keep moisture out of enclosure



2.3
 Humidified buildings 
or spaces in cold 
climates; e.g. 
natatoriums, indoor 
gardens, kitchens, 
hospitals, museums, 
musical instrument 
storage

 Other buildings in cold 
climates

Maintain proper 
building 

pressurization

Applications 
needing negative 

or neutral 
pressure

82

Presenter
Presentation Notes
For mixed climates with extreme conditions in both summer and winter, buildings can be equipped with dewpoint
control. When the outdoor dew point rises above the indoor dew point, the HVAC system can switch
from neutral pressure to positive pressure. 
If don’t have dew-point sensing, HVAC system can switch when the outdoor dry-bulb temperature reaches the maximum indoor dew-point
temperature. Conservative because the outdoor dew-point temperature typically hasn’t yet been reached.  Results in more hours of positive pressure (more fan cost) than if the actual dew points were compared (Harriman et al. 2001).



2.3
 Stack effect
 Wind effect
◦ In on the windward side, 

out on the leeward side
 Mechanical effect
◦ Exhaust-only ventilation
◦ Return plenums
◦ Supply plenums (UFAD)
◦ Intentionally 

depressurized (labs) or 
pressurized (OR’s) areas
◦ Balancing problems

Maintain proper 
building 

pressurization

Driving forces for 
infiltration, 
exfiltration

83

Presenter
Presentation Notes
Windward side if angle of attack <45 deg pos P, if > 75 deg neg P



2.3 Maintain proper building 
pressurization

Stack effect

84

Adapted from Ross, 2004



2.3

Maintain 
proper 

building 
pressurization

Stack effect –
total pressure 

difference

85

Adapted from 
Wilson & Tamura 

1968)

Presenter
Presentation Notes
Actual stack effect typically ~80% of theoretical due to weak internal compartmentalization



2.3

Maintain proper 
building 

pressurization

Compartment
alization (or 
lack thereof)

86

Adapted from 
ASHRAE 2009



2.3
Maintain proper building 

pressurization  Typical real building

87

Adapted from Wilson & Tamura 1968



2.3  Return plenum negatively 
pressurized with respect to 
outdoors

Maintain proper building 
pressurization

Plenums
88

Photo courtesy Wagdy Anis

Presenter
Presentation Notes
At 0.016 in. w.c. (4 Pa) tight, average and leaky buildings 0.015, 0.045, and 0.089 cfm/ft2 of wall area (Tamura and Shaw) – 
Add more recent Persily data



2.3
 Vinyl wall covering
 6 air changes/hr via toilet 

exhaust
 $5.5M damage before 

openingMaintain proper 
building 

pressurization

Exhaust only 
ventilation of a 

hotel in hot 
humid climate

89Photo copyright CH2M HILL

Presenter
Presentation Notes
At 0.016 in. w.c. (4 Pa) tight, average and leaky buildings 0.015, 0.045, and 0.089 cfm/ft2 of wall area (Tamura and Shaw) – 
Add more recent Persily data



2.3  Building height & 
orientation

 Building layout
◦ Keep negatively 

pressurized spaces in the 
interior in humid climates

 Envelope air sealing
 Compartmentalization
◦ Multi-story atria (not)
◦ Vestibules, revolving 

doors
◦ Air barriers between floors

Maintain proper 
building 

pressurization

Solutions

90

Presenter
Presentation Notes
Watch out for pressure problems during construction



2.3  Mechanical system 
selection, sizing and 
control
◦ Separate AHUs for atria, 

floors
◦ Judicious plenum 

use/design
◦ Avoiding exhaust-only 

ventilation
◦ Direct delivery of OA to 

exterior zones
◦ Sufficient OA capacity for 

pressurization
◦ Building static pressure 

control

Maintain proper 
building 

pressurization

Solutions

91

Presenter
Presentation Notes
Watch out for pressure problems during construction
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 Evaluate regional and local outdoor air quality 
(3.1)

 Locate OA intakes to minimize introduction 
of contaminants (3.2)

 Control entry and radon (3.3) and intrusion of 
vapors from subsurface contaminants (3.4)

 Provide effective track-off systems (3.5)
 Design and build to exclude pests (3.6)

93



3.1 KEY POINTS
 Regional pollutants
◦ National Ambient Air 

Quality Standards
 Local pollutants
 Documentation
◦ Required by 

ANSI/ASHRAE 
Standard 62.1-2007

 Training

Investigate 
regional and 

local outdoor 
air quality

94



3.1
Investigate regional and 
local outdoor air quality

ANSI/ASHRAE Standard 
62.1-2007 requirements 

(partial)

95



3.1  U.S. EPA Green Book
 http://www.epa.gov/air/oaqps/gree

nbk

 NAAQS particles
◦ PM10
◦ PM2.5
◦ Lead

 NAAQS gases
◦ Ozone (O3)
◦ Nitrogen dioxide (NO2)
◦ Sulfur dioxide (SO2)
◦ Carbon monoxide (CO)

Investigate regional and 
local outdoor air quality

National Ambient Air 
Quality Standards 

(NAAQS)

96

http://www.epa.gov/air/oaqps/greenbk


3.1

Investigate Regional and Local 
Outdoor Air Quality  NAAQS – EPA 

Green Book

97

NOTE:  Attainment 
status changes 
annually.



3.1

Investigate Regional and Local 
Outdoor Air Quality NAAQS – EPA 

Green Book
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3.1

Investigate Regional and Local 
Outdoor Air Quality NAAQS – EPA 

Green Book

99



3.1

Investigate 
regional and 

local outdoor
air quality

NAAQS – EPA 
Green Book 

national maps

100

http://www.epa.gov/air/oaqps/greenbk/map8hr.html



3.1

Investigate regional 
and local outdoor air 

quality

NAAQS – EPA Green 
Book 

state maps

101

http://www.epa.gov/air/oaqps/greenbk/ga8.html



3.1 Health Effects
 Increased respiratory 

symptoms; e.g., irritation 
of the airways, coughing, 
or difficulty breathing 

 Decreased lung function
 Aggravated asthma
 Development of chronic 

bronchitis
 Irregular heartbeat
 Nonfatal heart attacks
 Premature death in people 

with heart or lung disease 
(http://epa.gov/air/particlepollution/health.html)

Investigate regional 
and local outdoor air 

quality

PM 2.5 and 10

102

Presenter
Presentation Notes
EPA – 
Particulate matter …is a complex mixture of extremely small particles and liquid droplets. …[C]omponents [include]… acids (such as nitrates and sulfates), organic chemicals, metals, and soil or dust particles.
…particles that are 10 micrometers in diameter or smaller … generally pass through the throat and nose and enter the lungs. 

"Inhalable coarse particles," such as those found near roadways and dusty industries, are larger than 2.5 micrometers and smaller than 10 micrometers in diameter. �"Fine particles," such as those found in smoke and haze, are 2.5 micrometers in diameter and smaller. These particles can be directly emitted from sources such as forest fires, or they can form when gases emitted from power plants, industries and automobiles react in the air. 



3.1
 Standard 62.1-2007 requires MERV 6 

filters in PM10 non-attainment areas 
[and upstream of all cooling coils or 
other wetted surfaces through which air 
is supplied to an occupiable space].

 Standard 189.1 requires MERV 8 
upstream of coils/wetted surfaces.

 Higher MERVs will provide greater 
removal efficiency.

Investigate regional and 
local outdoor air quality

PM10
40 counties,

25.5M people: 8% of U.S. 
population

103

http://www.epa.gov/air/oaqps/gre
enbk/mappm10.pdf

Presenter
Presentation Notes
62.1-2010 still MERV 6.



3.1  Must have MERV 9 or higher filters 
to have any effective removal

 MERV 11 or more much more 
effective

 Standard 189.1 requires MERV 13 
in PM2.5 non-attainment areas

Investigate regional and 
local outdoor air quality

PM2.5
120 counties,

70.2M people:  23% of 
U.S. population

104

http://www.epa.gov/air/oaqps/gr
eenbk/mappm25_2006.pdf

Presenter
Presentation Notes
Std 62.1-2010 requires MERV 11 in non-attainment areas.



3.1  Neurological & 
cardiovascular

 Solid: separate particle or 
attached to other particles

 Can be removed by filters 
that remove small particles

Investigate regional and 
local outdoor air quality

Lead
2 counties, 

4700 people

105

Presenter
Presentation Notes
EPA:  “Levels of lead in the air decreased by 94 percent between 1980 and 1999. Today, the highest levels of lead in air are usually found near lead smelters. Other stationary sources are waste incinerators, utilities, and lead-acid battery manufacturers…. 
Depending on the level of exposure, lead can adversely affect the nervous system, kidney function, immune system, reproductive and developmental systems and the cardiovascular system.  Lead exposure also affects the oxygen carrying capacity of the blood.  The lead effects most commonly encountered in current populations are neurological effects in children and cardiovascular effects (e.g., high blood pressure and heart disease) in adults.  Infants and young children are especially sensitive to even low levels of lead, which may contribute to behavioral problems, learning deficits and lowered IQ.



3.1
 Primary constituent of 

smog
 Formed by 

photochemical reaction; 
requires:
◦ sunlight
◦ warm temperatures
◦ nitrogen oxides (NOx)
◦ photochemically reactive 

VOCs
 Reacts with trace VOCs 

in the indoor 
environment to create 
reaction products that 
may be even more toxic

Investigate 
regional and local 

outdoor air 
quality

Ground-level 
ozone

What is it?

106

Presenter
Presentation Notes
Not generated on cold or cloudy days – a summertime air pollutant.
EPA - Many urban areas tend to have high levels of "bad" ozone, but even rural areas are also subject to increased ozone levels because wind carries ozone and pollutants that form it hundreds of miles away from their original sources.

EHC just approved an Emerging Issue Brief titled Ozone and Indoor Chemistry.  Will be posted on the website. 



3.1 Health Effects of Ozone 
Itself

 Airway irritation, coughing, 
pain when taking a deep 
breath 

 Wheezing and breathing 
difficulties during exercise or 
outdoor activities

 Inflammation,  much like a 
sunburn on the skin

 Aggravation of asthma and 
increased susceptibility to 
respiratory illnesses like 
pneumonia and bronchitis

 Permanent lung damage with 
repeated exposures

Investigate regional and 
local outdoor air quality

Ground-level ozone
Health effects

107

http://epa.gov/air/ozonepollution/health.html

Presenter
Presentation Notes
EPA - People with lung disease, children, older adults, and people who are active 



3.1

 Note: peaks in ozone 
“maintenance” areas also 
affect indoor environment

Investigate regional and 
local outdoor air quality

Ground-level ozone
266 counties,    122M 

people: 40% of U.S. 
population

108

http://www.epa.gov/air/oaqps/greenbk/map8hr.pdf

Presenter
Presentation Notes
US pop 309,337,023 (Census Bureau 2010 05 23)
Ozone nonattainment (EPA) 122,343,799 



3.1  Standard 62.1-2007 
requires air-cleaning 
devices with 40% 
removal efficiency for 
ozone when the 2nd

highest daily one-hour 
average concentration 
exceeds 0.16 ppm, with 
some exceptions

 Standard 189.1-2009 
requires air cleaning 
devices for ozone when 
the building is in a 
non-attainment area

Investigate regional 
and local outdoor air 

quality

Ground level ozone
Removal

109

Presenter
Presentation Notes
Std 62: Devices only have to be operated when outdoor ozone is expected to exceed 0.160 ppm
Std 62 Exceptions (ozone air cleaning not required):
Minimum design OA intake flow <= 1.5 ach
Controls sense outdoor ozone and reduce OA flow to 1.5 ach or less while meeting minimum ventilation requirements
OA is brought in and heated by direct-fired makeup air units

Std 62.1-2010  40% ozone removal efficiency when the most recent 3-year avg annual 4th-highest daily max 8-hr avg ozone conc exceeds 0.107 ppm.





3.1  Can be removed by 
carbon or other sorbent 
filters that cause ozone 
to react on their surface

 Good quality air cleaner 
can provide control for 
an entire ozone season 
in many areas

 Ozone filter should be 
protected by a high-
quality particle filter; 
otherwise blinding of 
the sorbent by dirt can 
prevent the filter from 
working

Investigate regional 
and local outdoor air 

quality

Ground level ozone
Removal

110

Presenter
Presentation Notes
Usually higher in the afternoon.  Can vary ventilation amounts by time of day to help limit exposure.

ANSI/ASHRAE 62-1-2007 removal requirements apply only to limited geographic areas



3.1
 Respiratory effects from 
short-term exposure, 
especially for children, 
elderly, asthmaticsInvestigate regional 

and local outdoor air 
quality

Sulfur dioxide
9 counties, 

1.1M people

111

http://epa.gov/air/sulfurdioxide/health.html

http://www.epa.gov/air/oaqps/gre
enbk/mapso2.pdf

Presenter
Presentation Notes
EPA
Current scientific evidence links short-term exposures to SO2, ranging from 5 minutes to 24 hours, with an array of adverse respiratory effects including bronchoconstriction and increased asthma symptoms.  …particularly important for asthmatics at elevated ventilation rates (e.g., while exercising or playing.)   
Studies also show a connection between short-term exposure and increased visits to emergency departments and hospital admissions for respiratory illnesses, particularly in at-risk populations including children, the elderly, and asthmatics.



3.1  Gas phase air cleaning 
(e.g., activated 
alumina/KMnO4)

 Air cleaner should be 
protected by particle 
filter to prevent blinding 
of sorption sites

 Life of cleaner depends 
on concentration of SO2
and other sorbed
compounds

Investigate 
regional and local 

outdoor air 
quality

Sulfur dioxide
Removal

112



3.1
 Cardiovascular and nervous system effects

 No room temp removal technology

 Control by scheduling of activities and 
ventilation system operation, selection of 
outdoor air intake location

Investigate regional 
and local outdoor 

air quality

Carbon monoxide
1 county

480,000 people

113

http://www.epa.gov/air/oaqps/greenbk
/mapco.pdf

Presenter
Presentation Notes
Las Vegas area



3.1  Airborne dust
◦ Agricultural, desert 

areas, some industrial 
areas, high pollen areas
◦ Focus on dust-holding 

capability

 VOCs
◦ Traffic, industrial, 

wastewater lagoons, etc.
◦ Filtration and air 

cleaning

 Odors
◦ Air cleaning

Investigate regional 
and local outdoor air 

quality

Additional local 
pollutants

114

Presenter
Presentation Notes
Most industrial emissions of VOCs are regulated and controlled at the source, either as a part of ozone
reduction or as a hazardous air pollutant.



3.1

Investigate regional and 
local outdoor air quality

Documentation and 
training

115

Required by 
ANSI/ASHRA
E 62.1-2007



3.2 KEY POINTS
 Codes and standards are 

minimums – more is 
better

 ANSI/ASHRAE 62.1-2007 
generally requires greater 
distances and covers 
more sources than codes

 Consider implications for 
OA intake locations when 
selecting HVAC system 
types

Locate OA 
intakes to 
minimize 

introduction of 
contaminants

116



3.2 Locate OA intakes to minimize 
introduction of contaminants

ANSI/ASHRAE 62.1-2007 requirements

117

Stretched string distance between closest points



3.2 Example – Cooling Tower 
Exhaust
 IMC:  5 ft above or 20 ft away
 ANSI/ASHRAE 62.1-2007: 25 

ft stretched string distance
 18,000 cases of Legionnaire’s 

disease in the U.S. annually; 
4000-5000 fatalities

 Legionella also causes Pontiac 
fever

 Documented cases of 
Legionella traveling hundreds 
of feet

Locate OA intakes to 
minimize 

introduction of 
contaminants

Codes and standards 
are minimums

118



3.2

Locate OA intakes 
Example:  

Drift from cooling tower with 
clean-looking, treated basin 

causes Legionnaires’ Disease in 3 
workers from neighboring 

building (~330 ft)

119

Presenter
Presentation Notes
100m.  Workers took breaks outside neighboring bldg at ground level.  Prevailing wind tended to blow drift toward the grade-level area at bldg B.
Basin looked clean and had been treated w/biocide but was heavily colonized with Legionella:  only reliable way to determine if this
or other water systems pose a risk for transmission of Legionella is culture sampling from the tower water basin



3.2

Locate OA intakes

Example:
Cooling tower 

exhaust within 
20 ft of OA 

intake.  Shroud 
added to protect 

intake.

120

Photos courtesy Leon Alevantis



3.2

Locate OA intakes to 
minimize introduction of 

contaminants

Example:

OA intake 
downwind of 
and close to 

toilet exhaust

121

Photo courtesy Hal Levin



3.2

Locate OA intakes 
to minimize 

introduction of 
contaminants

Consider OA 
intake locations in 

system selection

122

Systems with OA intakes close 
to the ground may get clogged 
(!) and encourage introduction 
of dirt (food for microbes),
mold, pesticides, herbicides, 
fertilizers, vehicle exhaust, etc.
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 Control moisture and dirt in air handling 
systems (4.1)

 Control moisture associated with piping, 
plumbing fixtures and ductwork (4.2)

 Facilitate access for inspection, cleaning and 
maintenance (4.3)

 Control Legionella in water systems (4.4)

124



4.1 KEY POINTS
 Moisture + dirt (food) = critters
 Minimize entry of moisture and 

dirt at air intakes and areaways
 Use higher efficiency filtration to 

keep systems clean; keep filters 
dry

 Make sure drain pans drain
 Minimize condensate carryover
 Provide smooth, cleanable 

surfaces
 Select humidifiers to avoid 

carryover of microbes in water 
droplets

Control moisture 
and dirt in air 

handling systems

125



4.1

Control moisture 
and dirt in air 

handling 
systems

Moisture + dirt 
= critters

126

Photos courtesy Phil Morey

~400x

Presenter
Presentation Notes
Mold spores and hyphae.
Residual oils and lubricants on metal surfaces in newly fabricated ductwork and plenums are sticky
and may accumulate dust deposits that may become nutrient sources for microbial growth in wet conditions.
Removal will help to limit these concerns, but requires a significant amount of effort and is rarely done.  



4.1  Minimize rain and snow 
intrusion

 Recognize that below-
grade and grade level 
OA intakes are most 
susceptible to entry of 
leaves, pesticides, 
fertilizers, etc.

 If below-grade or grade 
level intakes are used, 
provide easy access for 
cleaning

 Provide smooth, 
corrosion-resistant, 
cleanable OA intakes

Control moisture 
and dirt in air 

handling systems

OA intakes and 
intake areaways
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4.1  Dust = food for microbes
 Std. 62.1-2007 - MERV 6 

upstream of coils;                
Std. 189.1-2009 - MERV 8

 High efficiency filtration 
helps keep food out of wet 
biological niches in HVAC 
systems (MERV 11 good, 
MERV 13 better) 

 Locate filters where they 
will stay dry, and provide 
for periodic inspections 
(O&M) to ensure they stay 
dry

Control 
moisture and 

dirt in air 
handling 
systems

Filtration

128

Presenter
Presentation Notes
Std 62.1-2010 is still the same.
Std 189.1 improves on 62.1 – from MERV 6 to MERV 8



4.1  Dirty coil - not 
protected by adequate 
filtrationControl 

moisture and 
dirt in air 
handling 
systems

Filtration

129

Photo courtesy Center for Energy & Environment



4.1  Make sure drain pans 
drain
◦ Slope 0.125 in./ft; make sure 

AHUs with integral pan are level 
so pan slopes as intended

◦ Drain hole at lowest point flush 
with bottom

◦ P-trap deep enough to maintain 
seal and allow water to drain 
under maximum negative 
pressure created by fan

◦ Verify proper drainage through 
commissioning

◦ Train operators to locate, 
properly inspect (slimy?) and 
physically clean pans

Control 
moisture and 

dirt in air 
handling 
systems

Drain pans

130

Presenter
Presentation Notes
Slope is from std 62.1
Operators need to know where the pans are – e.g. fan coil units above ceilings – may not be found and cleaned for a long time.
Biocide treatment is not a substitute for physical cleaning.



4.1
Control moisture and dirt in air 

handling systems  Drain pans

131

ANSI/ASHRAE Standard 62.1-2007 Users Manual

Trap depth



4.1  Drain pan inspected due to 
building- related symptoms 
and illnesses in area served

 Poor access (10 fasteners)
 Outlet not flush w/bottom
 Biofilm – gelatinous mass of 

fungi, bacteria and protozoa

Control moisture 
and dirt in air 

handling systems

Drain pans:
Example

132

Photo courtesy Phil Morey



4.1 • Wide enough to collect water 
droplets across entire width

• Extend downstream at least 
half the height of the coil

• Extend as far as necessary to 
limit carryover to 1.5 ml/m2

(!) per hour under peak 
conditions (0.0044 oz/ft2)

 High face velocity causes 
carryover:  with non-uniform 
airflow, local face velocity far 
exceeds average

Control moisture 
and dirt in air 

handling systems

Drain pan: 
Condensate 

carryover

133

Presenter
Presentation Notes
Std 62.1 1.5 ml/m2 of face area per hour.



4.1
Control moisture and dirt in 
air handling systems   Drain 

pan: Condensate carryover
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Photos courtesy Center for Energy & Environment



4.1  Critters can grow on smooth 
but dirty surfaces, but growth 
is usually greatest on porous 
or irregular surfaces

Control moisture 
and dirt in air 

handling systems

Smooth, cleanable 
surfaces

135

Photo courtesy Phil Morey

Presenter
Presentation Notes
Porous airstream surface 5 ft downstream from AC coil



4.1  Consider acoustic 
solutions that don’t 
require porous liners
◦ Equipment selection, 

sizing and location 
◦ Proper air distribution 

design: sizing, 
velocity, fabrication 
integrity, diffuser 
selection
◦ Double-wall ductwork

Control moisture 
and dirt in air 

handling systems

Smooth, cleanable 
surfaces

136

Presenter
Presentation Notes
Porous airstream surface 5 ft downstream from AC coil



4.1
 Water droplets aerosolized 

from sumps are heavily 
colonized

 Aerosolize molecules, not 
droplets

 Use potable water;  (Note: 
boiler water contains 
corrosion inhibiters)

 Use smooth, cleanable 
surfaces within the 
moisture-absorbing 
distance

Control 
moisture and 

dirt in air 
handling 
systems

Humidifiers
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 Select appropriate materials (5.1)
 Limit the impact of emissions (5.2)
 Minimize IAQ impacts associated with 

cleaning and maintenance (5.3)

139
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 Properly vented combustion equipment (6.1)
 Provide local capture and exhaust for point 

sources (6.2)
 Design exhaust systems to prevent leakage of 

exhaust into occupied spaces or air 
distribution systems (6.3)

 Maintain proper pressure relationships 
between spaces (6.4)

141
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 Provide appropriate OA for each room or zone 
(7.1)

 Continuously monitor and control OA (7.2)
 Effectively distribute OA to the breathing zone 

(7.3)
 Effectively distribute OA to multiple spaces (7.4)
 Provide particle filtration and gas phase air 

cleaning consistent with project IAQ objectives 
(7.5)

 Provide comfort conditions that enhance 
occupant satisfaction (7.6)

143



7.2 KEY POINTS
 Setting fixed minimum 

OA damper position and 
other indirect methods 
are inaccurate

 Direct methods can be 
accurate if applied 
properly

 Providing enough OA at 
the intake may not be 
sufficient

 Verify OA flow thru Cx
 Provide documentation 

and training

Continuously 
monitor and 

control OA delivery

144

Presenter
Presentation Notes
Data suggest a majority of classrooms and a substantial fraction of office buildings have less OA that required in codes.
Lower ventilation rates have been associated with increased respiratory illnesses (e.g., common colds), increased sick building syndrome symptoms, and diminished satisfaction with IAQ.
Many, many bldgs do not measure OA intake rates and in those that do, the measurements may not be usefully accurate.
Depending on balancing, zone ventilation loads etc. providing enough OA at the intake may not be enough.

DOAS is one good option.



7.2  Still the most common 
method

 Not accurate
◦ Pct damper position <> 

pct OA
◦ Damper position not 

repeatable due to 
mechanical play & wear
◦ DP across opening varies 

with wind, etc.
 Careful balancing, Cx

and periodic RCx
warranted if used

Continuously 
monitor and 

control OA 
delivery

Use of fixed 
minimum 

damper 
position
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7.2  Long, straight duct runs optimal 
but rarely possible 
◦ 7-½ hydraulic diameters upstream 

of AFMS, 3 hydraulic diameters 
downstream

 Louver velocities are kept low to 
minimize entrainment of rain & 
snow (400-1000 fpm)

 Louvers often sized for max flow 
with economizer operation

 Velocity pressure low at max flow 
and very low at minimum OA

 Use separate minimum OA duct or 
non-pressure based air flow 
measurement technology

Continuously 
monitor and 

control OA 
delivery

Direct 
measurement

146



7.2

Continuously monitor 
and control OA 

delivery

Direct 
measurement 

accuracy example 
1:  Airflow sensing 

blades 
downstream of 

louver blades

147

Fisk et al. ASHRAE Journal August 2006

Presenter
Presentation Notes
Per Fisk, measurements (green) are for calibrated research grade self-zeroing pressure transducer that is more accurate but more expensive than transducers normally used in buildings, with rated accuracy of ±0.001 in. of water (± 0.2 Pa) or ± 1% of reading 
Flows 10% OA to 100% OA.
MT1 was accurate within approximately ±20% for outdoor airflow rates* exceeding approximately 250 cfm (118 L/s), corresponding to nominal intake velocities exceeding 62 fpm (0.31 m/s). The pressure signal from MT1 was 0.23 in. of water (58 Pa) with the maximum recommended air velocity in the louver. Such a pressure difference can be measured accurately with commercial pressure transducers. However, at 20% of the maximum recommended velocity in the louver, which would be expected in an HVAC system with an economizer that had only one OA damper, the pressure signal was only 0.007 in. of water (1.75 Pa), which is difficult to measure accurately with the pressure transducers marketed for HVAC applications. 
With an error in pressure measurement of ± 0.01 in. of water (±2.5 Pa), the corresponding error in OA flow rate is as large as –100% at 20% of the recommended maximum rate of flow through the louver. Under the same conditions, if pressure measurement errors can be limited to ±0.004 in. of water (±1 Pa), the maximum error in OA flow rate measurement is about –30% to +20%. (All above from Fisk 2006 Journal article)
in systems with separate minimum airflow streams, measurement errors of reasonably accurate measurements are between 10% and 30%
(Fisk et al. 2005a).



7.2

Continuously 
monitor and control 

OA delivery

Direct measurement 
accuracy example 

2: Honeycomb 
airflow straightener 
upstream of airflow 

sensing blades & 
straight duct 

section

148

Fisk, et al. ASHRAE Journal, August 2006

Presenter
Presentation Notes
Same type of airflow sensing blade.  Using a research grade pressure transducer to measure the pressure signal Fisk found error less than ±10% for flow rates exceeding 1,000 cfm (472 L/s). The manufacturer’s minimum recommended flow rate for MT4 is 1,600 cfm.  At 1,600 cfm, the pressure signal was approximately 0.03 in. of water (7.5 Pa). If the pressure measurement uncertainty with a field pressure transducer was 0.01 in. of water (2.5 Pa), the uncertainty in the OA flow rate would be –10% to +16%. Field testing showed that OA flow rates measured with this unit had substantially larger errors when it was used with an upstream horizontal-blade louver from which air exits with an upward trajectory. So to maintain high measurement accuracy with this unit, it may be necessary to use a louver with an outlet airflow that is predominately parallel to the duct walls. 

Our calculations indicate that percentage error in flow rate, due solely to a pressure measurement error, is roughly half of the percentage error in the pressure signal measurement, e.g., a 20% error in pressure measurement, leads to a 10% error in flow rate. Thus, one might design for a 20% error in the smallest anticipated pressure signal, and benefit from smaller errors when the pressure signal is larger. If the HVAC system has an economizer, to maintain a sufficient pressure signal, the OA intake can be divided into two sections, each with a separate OA damper. The damper that is closed during minimum OA intake must have a low rate of air leakage. The economizer control system and associated controls must be designed to maintain rates of OA flow through the measurement technologies that are sufficient to produce a accurately measured pressure signals when rates of OA supply are minimized. 
Some of the commercially available systems, when used properly, can measure the rate of outdoor air intake with errors of 20% or less. Design of the OA intake systems to avoid low pressure signals and the use of accurate pressure transducers are keys to accurate measurements of OA flow rate. 




7.2

Continuously 
monitor and 

control OA delivery

Direct 
measurement 

accuracy 
example 3: 

Electronic air 
velocity probes 
between blades 

or on outlet face

149

From Fisk and Sullivan 
2008

Presenter
Presentation Notes
Tested a bunch of brands of louvers.  Measurement errors in most cases were significantly less than 12% (Fisk and Sullivan 2008)

Laboratory experiments determined that OA flow rates were measurable with errors generally less than 10 percent using electronic air velocity probes installed between OA intake louver blades or at the outlet face of louvers. High accuracy was maintained with OA flow rates as low as 15 percent of the maximum for the louvers. Thus, with this measurement approach HVAC systems do not need separate OA intakes for minimum OA supply. System calibration parameters are required for each unique combination of louver type and velocity sensor location but calibrations are not necessary for each system installation. The research also determined that the accuracy of measuring OA flow rates with velocity probes located in the duct downstream of the intake louver was not improved by installing honeycomb airflow straighteners upstream of the probes. Errors varied with type of upstream louver, were as high as 100 percent, and were often greater than 25 percent. In conclusion, use of electronic air velocity probes between the blades of OA intake louvers or at the outlet face of louvers is a highly promising means of accurately measuring rates of OA flow into HVAC systems. The use of electronic velocity probes downstream of airflow straighteners is less promising, at least with the relatively small OA HVAC inlet systems employed in this research. 




Sensors installed between fixed 
louvers or on their outlet face may 
see higher, more uniform 
velocities and fewer eddies than 
sensors placed between louvers 
and dampers even with flow 
straightening device

Continuously 
monitor and 

control OA delivery

Sensor 
location

150

Fisk, et al. 2005

7.2

Presenter
Presentation Notes
The research also determined that the accuracy of measuring OA flow rates with velocity probes located in the duct downstream of the intake louver was not improved by installing honeycomb airflow straighteners upstream of the probes. Errors varied with type of upstream louver, were as high as 100 percent, and were often greater than 25 percent



7.2  Plenum pressure 
control, 

 Supply air flow plus CO2concentration balance 
 Supply air flow plus 

temp-based energy 
balance

 Supply flow minus 
return flow

 Return fan tracking 
supply fan (VFDs) 

 Fixed minimum damper 
position

Continuously monitor 
and control OA 

delivery

Indirect methods –
generally inaccurate

151

Presenter
Presentation Notes
DCV is dealt with separately in Objective 8.

In a third practice for controlling ventilation, called demand controlled ventilation (DCV), CO2 concentrations, indicative of ventilation rate per occupant, are measured in occupied spaces or return ducts and OA supply rates are modulated to maintain CO2 concentrations below a target. However, DCV does not control of the minimum ventilation rates per unit floor area specified in Title 24 and ASHRAE Standards. The CO2 signal used by DCV systems also lags changes in occupancy, sometimes by hours. During the first few hours of occupancy, the CO2 sensor may provide no useful information on ventilation rate. Finally, studies of 44 CO2 sensors in California commercial buildings (Fisk et al. 2006) makes it clear that DCV suffers from CO2 measurement errors, which were greater than 300 ppm in many cases. 




7.2  Continuous monitoring 
at OA intake alone does 
not ensure proper OA 
delivery to breathing 
zone in each space
◦ Poor mixing in mixed air 

chamber
◦ Poor mixing in space

Continuously 
monitor and 

control OA 
delivery

System 
considerations

152

Presenter
Presentation Notes
DOAS could be a nice system-oriented alternative.



7.2  Verify minimum OA 
flows during Cx and 
occupancy

 Provide easy access to 
sensors

 Provide hardware and 
software that can sense 
sensor and equipment 
malfunctions

 Document design 
criteria and occupancy 
assumptions

 Train staff re: O&M 
needs

Continuously 
monitor and 

control OA 
delivery

Verification, 
documentation, 

training
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7.5 KEY POINTS
 Consider FAC early
 Select FAC appropriate to 

IAQ objectives, e.g.
◦ Keep ducts, coils cleaner
◦ Reduce ozone

 Put the air through the filter
 Consider life-cycle costs
 Don’t forget process issues
◦ Construction storage and 

filtration
◦ Documentation of rationale 

for owner
◦ Operator training

Provide 
particle and 
gas-phase 

air cleaning 
consistent 

with project 
IAQ 

objectives
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7.5

Provide particle and 
gas-phase air 

cleaning consistent 
with project IAQ 

objectives

Sizes of contaminant 
particles

155

Adapted from NIOSH 2003



7.5

Provide particle 
and gas-phase 

air cleaning 
consistent with 

project IAQ 
objectives

156

MERV: ASHRAE Std 52.2
“Minimum efficiency reporting value”

Presenter
Presentation Notes
Again, Std 62.1 requires only MERV6 for minimum protection of HVAC systems, Std 189.1 MERV8.  
MERV 11 or more much more effective
Std 62.1-2010 requires MERV 11 in non-attainment areas for PM2.5
Standard 189.1 requires MERV 13 in PM2.5 non-attainment areas




MERV 
14

MERV 11
MERV 9

MERV 8

unrated

7.5 Provide particle and gas-phase air cleaning consistent with 
project IAQ objectives

MERV: ASHRAE Std 52.2

157

Adapted from ASHRAE 
2007

Sample 
composite 
minimum 
efficiency 

curves

Presenter
Presentation Notes
Synthetic electret media that have an initial charge may not perform as rated if exposed to some ambient pollutants such as ultrafine particles or diesel exhaust.  Consider specifying filters be tested according to Std 52.2 Appendix J, which uses KCl instead of the standard test dust.  May be a better challenge particle for rating such filters.



7.5 Provide particle and gas-
phase air cleaning…  FAC 

Selection Guidance

158



7.5

Provide particle 
and gas-phase air 

cleaning 
consistent with 

project IAQ 
objectives

7.5.1, 7.5.2 keep 
coils, ducts, space 

cleaner: 
MERV 8-13

159

• Extended media MERV 
13 filter balances 
efficiency, capacity, 
pressure drop, first-cost, 
operating cost 

• MERV 13 also available 
in 2 in. and 4 in. pleated 
but higher pressure drop

Photo courtesy The Filtration Group and 
Filtrair

Presenter
Presentation Notes
Particles in HVAC – nutrient buildup and moisture retention = microbial growth.




7.5

Provide particle 
and gas-phase air 

cleaning 
consistent with 

project IAQ 
objectives

7.5.3 control 
viable and 

pathogenic 
particles: 

MERV 14-16

160

• Minimum MERV 14 because most 
viable particles < 1 μm 

• Seals, gasketing, retainer systems 
critical

• Higher first-cost, higher PD, higher 
life cycle cost

• Substantial differences in PD  among 
filters of a given MERV

Photo courtesy The Filtration Group and 
Filtrair



7.5

Provide particle 
and gas-phase air 

cleaning 
consistent with 

project IAQ 
objectives

7.5.4: Excessively 
polluted outside 

air:
MERV 11-14

Medium efficiency 
(ME) gas phase

(50%-80%)

161

• Typically pleated chemical media filters 
1-4 in.; solid bed flat panels, V-cells < 1 
in.  

• Same unit may remove both particles 
and gases

• Typically changed on a schedule

• Can be used to remove ozone:  
Change cycle based on experience or 
manufacturer’s recommendation

Photo 
courtesy The 
Filtration 
Group and 
Filtrair

Presenter
Presentation Notes
Various sorbents.
Carbon used for ozone removal doesn’t have a good life-expended analysis protocol so change-out schedule might be experience or manuf rec.
KMnO4 or other reagent – comm lab or manuf can determine remaining life.  Test coupons or bulk samples of pellets.



7.5

Provide particle and 
gas-phase air cleaning 
consistent with project 

IAQ objectives

Gas phase filters

162

• ANSI/ASHRAE Standard 
145.1-2008 Method of 
Testing Gaseous 
Contaminant Air Cleaning 
Media for Removal 
Efficiency –
bench-scale test of 
sorbent media

• 145.2 – testing of full-size 
cartridges in a test duct; 
expected publication 
2010



7.5

Provide particle and 
gas-phase air cleaning 
consistent with project 

IAQ objectives

Air capture and 
seals

163

• Air bypass:

• Building infiltration

• AHU doors, access panels, 
fabrication seams, openings

• Flawed seals within or 
between retainers or 
tracking system

• Gaps between filters, 
between filter and retainer, 
between filter and access 
door, between filter and 
access tracking



7.5 Provide particle and gas-phase air cleaning consistent with 
project IAQ objectives 

Air capture and seals

164

Effect of applying 1/8 in. neoprene gasket tape on vertical mating 
surfaces of MERV 13 frames (Burroughs 2006)

Small bypasses can decrease filter performance by 2 or 3 MERV 
levels!

Presenter
Presentation Notes
Field research, lab tests, modeling



7.5 Provide particle and gas-phase air cleaning consistent with 
project IAQ objectives        Air capture and seals

165

Adapted from Kosar 2007

Presenter
Presentation Notes
Field research, lab tests, modeling



7.5

Provide particle 
and gas-phase air 

cleaning 
consistent with 

project IAQ 
objectives

Air capture and 
seals

166

• Balance building to limit 
infiltration

• Inspect by line-of-sight or light 
penetration to find and seal 
visible bypasses around FAC 
system, filter frames, retainer 
systems, access doors

• Seal mating metal surfaces 
with caulk or mastic: ductwork 
joints, adjoining frames, AHU 
seams

• Gasket seal planes of filter 
frames or headers

• Gasket filter frame mating 
surfaces



7.5 Provide particle and gas-phase air cleaning 
consistent with project IAQ objectives        

Air capture and seals

167

Offices
Manufacturing 

plant

Separate rooftop 
unit with ME 
carbon filters

High-volume 
paint spray 
operation

Presenter
Presentation Notes
IAQ problem investigated by CEE



7.5 Provide particle and gas-phase air cleaning 
consistent with project IAQ objectives

Air capture and seals

168

Offices
Manufacturing 

plant

Rooftop unit relieves high 
pressure when 

economizing but has no 
minimum pressure control

Large unsealed openings between top of 
wall and roof deck allow paint vapors to 
enter office

FAC can’t do everything!



7.5  Select cartridge & framing to 
maximize life cycle & durability

 Provide appropriate monitoring 
instruments

 Specify component storage and 
system filtration requirements 
during construction

 Carefully evaluate the need for 
pre-filtration

 Provide for additional changes of 
specified filters for post-
construction

 Provide owner with filter 
selection rationale and 
specifications, train operators

Provide particle 
and gas-phase air 

cleaning 
consistent with 

project IAQ 
objectives

Selected items 
from design 

process protocol

169

Presenter
Presentation Notes
Note that with filters of MERV 13 and lower, prefiltration may add cost, labor, and
energy use without compensating added value to filter life cycle.

Don’t forget to tell operators where unusual filters are.  (E.g. filters in OA and EA streams for ERV including runaround loops).



7.5

Provide particle 
and gas-phase air 

cleaning 
consistent with 

project IAQ 
objectives

Specify component 
storage and system 

filtration requirements 
during construction

170

Photo courtesy of Wayne Thomann

Installed ductwork that had been 
unprotected during on-site 
storage and after installation



7.5 Provide particle and gas-phase air cleaning consistent with 
project IAQ objectives

Life cycle cost

171

For a given MERV, life cycle costs are controlled 
primarily by:

• Filter life cycle expectation
• Pressure drop

Presenter
Presentation Notes
Filter capacity (life cycle: control filter first cost, shipping cost, storage cost, installation labor cost, disposal cost.

PD – Duct (approach) velocity, and media velocity – pleat count, pleat depth, pocket depth, V-banks.
Change out at 2x initial PD.  “Most extended media filters exhibit a relatively flat pressure drop performance curve for most of their life
cycle, until the final fraction of loading when most curves abruptly rise and terminate. By changing ahead of this rise, most of the filter life cycle will have been attained at the lowest possible range of energy demand.”

Pre-filters add life cycle costs (filter, shipping, labor, disposal) and energy cost and don’t make up for it enough in life of final filter except for MERV 14 or higher and HE or HEGA gas filters, except when there are unusual loads of big particles.  Prefilters typically have to be changed frequently.
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 Use dedicated OA systems (8.1)
 Use energy recovery (8.2)
 Use demand-controlled ventilation (8.3)
 Use natural or mixed-mode ventilation (8.4)
 Use the Standard 62.1 IAQ Procedure (8.5)
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FOR MORE FUN, 
READ THE GUIDE!

www.ashrae.org/iaq





DO NOT PRINT THESE























 Demand control ventilation (DCV)
 Chilled water temperature reset
 Air Side Economizer
 Reset VAV boxes to zero
 Replace ventilation with air transforming 

devices



 Manufacturer’s claim - Studies show that 
demand controlled HVAC systems using 
CO2 can save up to 50% of energy costs as 
well as improving comfort for the 
occupants.

188



 Requirements of Standard 62
◦ Ventilation Rates
◦ Variable Load Conditions
◦ Dynamic Reset

 Dynamic Reset
 Using CO2 for Dynamic Reset
◦ Must estimate number of people
◦ Errors in assumptions for many applications
◦ How to address multiple spaces



 6.2.2.1 Breathing Zone Outdoor Airflow. The design outdoor 
airflow required in the breathing zone of the occupiable space or 
spaces in a zone, i.e., the breathing zone outdoor airflow (Vbz), shall 
be determined in accordance with Equation 6.2.2.1.

 Vbz = Rp ·  Pz + Ra ·  Az (6.2.2.1)
where:
 Az = zone floor area: the net occupiable floor area of the zone (ft2).
 Pz = zone population: the largest number of people expected to 

occupy the zone during typical usage. 
 Rp = outdoor airflow rate required per person as determined from 

Table 6.2.2.1. 
 Ra = outdoor airflow rate required per unit area as determined from 

Table 6.2.2.1.
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Voz = Vbz/Ez (6.2.2.3)
 (Ez) The zone air distribution effectiveness shall be no 

greater than the default value determined using Table 
6.2.2.2 (part of table shown below)



Vot = Voz (6.2.3)

 Single-Zone Systems. For ventilation systems wherein 
one or more air handlers supply a mixture of outdoor air 
and recirculated air to only one ventilation zone, the 
outdoor air intake flow (Vot) shall be determined in 
accordance with Equation 6.2.3.



Vot = Σall zones Voz (6.2.4)

 100% Outdoor Air Systems. For ventilation systems 
wherein one or more air handlers supply only outdoor air 
to one or more ventilation zones, the outdoor air intake 
flow (Vot) shall be determined in accordance with 
Equation 6.2.4.



 For ventilation systems wherein one or more air handlers 
supply a mixture of outdoor air and recirculated air to 
more than one ventilation zone, the outdoor air intake 
flow (Vot) shall be determined in accordance with 
Sections 6.2.5.1 through 6.2.5.4.

 6.2.5.4 Outdoor Air Intake. The design outdoor air 
intake flow(Vot) shall be determined in accordance with 
Equation 6.2.5.4:

Vot = Vou / Ev (6.2.5.4)



 6.2.5.3 Uncorrected Outdoor Air Intake. The design 
uncorrected outdoor air intake (outdoor air used) (Vou) 
shall be determined in accordance with Equation 6.2.5.3:

Vou = D* Σall zones RpPz
+ Σall zones RaAz (6.2.5.3)



 6.2.5.1 Primary Outdoor Air Fraction. When Table 6-3 
is used to determine system ventilation efficiency, the 
zone primary outdoor air fraction (Zp) shall be 
determined in accordance with Equation 6.2.5.1:

Zp = Voz /Vpz (6.2.5.1) 
where Vpz is the zone primary airflow, i.e., the primary 
airflow to the zone from the air handler including outdoor 
air and recirculated return air. 

Note: For VAV systems,Vpz is the minimum expected 
primary airflow.



 6.2.5.2 System Ventilation Efficiency. The system 
ventilation efficiency (Ev) shall be determined using 
Table 6.2.5.2 or Appendix A.



 6.2.6.1 Variable Load Conditions. Ventilation systems 
shall be designed to be capable of providing the required 
ventilation rates in the breathing zone whenever the 
zones served by the system are occupied, including all 
full- and part-load conditions.



 6.2.7 Dynamic Reset. The system may be designed to 
reset the design outdoor air intake flow (Vot) and/or 
space or zone airflow as operating conditions change. 



 6.2.7.1 DCV shall be permitted as an optional means of dynamic 
reset.

 Exception: CO2-based DCV shall not be applied in zones with 
indoor sources of CO2 other than occupants or with CO2 removal 
mechanisms, such as gaseous air cleaners.

 Former Note: Examples of reset methods or devices include 
population counters, carbon dioxide (CO2) sensors, timers, 
occupancy schedules or occupancy sensors.



 6.2.7.1.1 For DCV zones in the occupied mode, 
breathing zone outdoor airflow (Vbz) shall be reset in 
response to current population.

 6.2.7.1.2 For DCV zones in the occupied mode, 
breathing zone outdoor airflow (Vbz) shall be not less 
than the building component (Ra Å~ Az) for the zone.

 Exception: Breathing zone outdoor airflow shall be 
permitted to be reduced to zero for zones in occupied 
standby mode for the occupancy categories indicated in 
Table 6.2.2.1, provided that airflow is restored to Vbz
whenever occupancy is detected.

 6.2.7.1.3 Documentation. A written description of the 
equipment, methods, control sequences, setpoints, and 
the intended operational functions shall be provided. A 
table shall be provided that shows the minimum and 
maximum outdoor intake airflow for each system.



 ASHRAE 62 sets 1000 ppm as the control point. 
 ASHRAE 62.1 Appendix C recommends 700 ppm above 

outdoor levels. 
 ASHRAE 62.1 Appendix C recommends using a 

generation rate of 0.31 L/min ≈ 0.01 cfm for CO2 per 
person.

 ALL OF THE ABOVE ARE WRONG
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 Single Zone or DOAS  
◦ Pz
◦ Ez (maybe)

 Multiple Zone
◦ Pz
◦ Ez (maybe)
◦ Ev (for VAV)
◦ P other connected zones
◦ Vpz
◦ Vp other zones



 6.2.2.1 Breathing Zone Outdoor Airflow. The design outdoor 
airflow required in the breathing zone of the occupiable space or 
spaces in a zone, i.e., the breathing zone outdoor airflow (Vbz), shall 
be determined in accordance with Equation 6-1.

 Vbz = Rp ·  Pz + Ra ·  Az (6.2.2.1)
where:
 Az = zone floor area: the net occupiable floor area of the zone (ft2).
 Pz = zone population: the largest number of people expected to 

occupy the zone during typical usage. 
 Rp = outdoor airflow rate required per person as determined from 

Table 6-1. 
 Ra = outdoor airflow rate required per unit area as determined from 

Table 6-1.



 People generate CO2 at varying rates
 ASSUMING one knows (1) the generation rate of the 

people in the room,
 And one knows the (2) room air change rate,
 And one knows (3) the CO2 concentration in the entering 

air,
 Then one can calculate the number of people in real 

time based on changes in room CO2 concentration



 Metabolic rate variables
◦ Activity
◦ Age 
◦ Size (Height and Weight)
◦ Gender

 CO2 generated from metabolism
◦ Diet

 Commonly used (or abused) value of G



 BMR - Basal metabolic rate is energy expended at rest 
at neutral temperature in post-absorptive state

 RMR – Resting metabolic rate
 Several estimation formulae

 Metabolism for glucose
 C6H12O6 + 6 O2  6 CO2 + 6 H2O

Source for following: A guide to selected algorithms, distributions, and databases 
used in exposure models developed by OAQPS (EPA)  May 22, 2002



kg

Source: A guide to selected algorithms, distributions, and databases used in 
exposure models developed by OAQPS (EPA)  May 22, 2002





 Resting metabolic rate RMR 
 x Energy conversion factor ECF = VO2
 x RQ respiratory quotient = G

 Note: RQ varies from 0.7 to 1.0 depending on diet 
(different biochemistry for fats, proteins and 
carbohydrates)

 Assuming constant ECF and RQ=0.83



Box is +/- 1 std dev
Whisker is +/- 2 std dev



 Single Compartment Model
 Well Mixed
 Steady State
◦ N – concentration in room
◦ C – concentration into room
◦ G – generation rate
◦ SA – airflow rate

Ci



 1000 sq ft
 30 people
 Ra x Az = 120 cfm
 Rp x Pz = 300 cfm
 Voz = 420 cfm
 Note: = 14/cfm/person
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 Field calibration typically involves 
flowing a calibration gas with a known 
concentration of CO2 through the 
sensor’s optical sensing element.

 Accurate calibration requires 
knowing the temperature and the 
pressure of the gas in the optical 
sensing element

220



 The results from testing forty-five HVAC-grade NDIR CO2 
sensors from fifteen models under accurate and repeatable 
conditions have shown a wider variation in sensor 
performance among manufacturers. 

 In some cases, significant variations in sensor performance 
exist between sensors of the same model while in other 
cases, all sensors of the same model showed almost identical 
behavior. 

 None of the sensor models meet their manufacturer specified 
accuracy statement for all three sensors of a given model over 
the full range of test conditions. 

221

Shrestha and Maxwell, ASHRAE Transactions 2010



 Saves some chiller energy
 Results in more humid air delivered to 

buildings
 May cause mold growth
 May use more fan energy than chiller energy 

saved (net energy penalty)

222



 Good for IAQ
 Saves cooling energy during moderate 

temperatures
 Sometimes maintenance issues
◦ Dampers
◦ Controls

 Recommended control sequence
“Why Enthalpy Economizers Don’t Work” ASHRAE Journal, 
November 2010
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 Response to cold calls
 Sometimes strategy when reheat does not 

work
 Does not result in minimum ventilation 
 Thermostats are not IAQ measurement 

devices
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 Many technologies
 Similar claims 
 Reduce all indoor compounds to CO2 and H2O
 Scant substantiation
 Do not comply with any recognized method 

of test
 Many anecdotes
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 OSHA:  5000 ppm

 NIOSH and ACGIH:  5000 ppm 
(30,000 ppm 15 minutes)

 Canada: 3500 ppm
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ASHRAE Journal Dec 2008
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Zhang, Wargocki, Lian 2016
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Satish, et al.  Environmental Health Perspectives, Dec. 2012
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Allen, et al., Environmental Health Perspectives, Oct 2015



Allen, et al., Environmental Health Perspectives, Oct 2015

Capacity to use both provided information and information 
that has been gathered toward attaining overall goals

235



236



237



238



239



 The analysis is based on measurement data from 
a70 elementary school district (140 fifth grade 
classrooms) from Southwestern United States,and
student level data (N = 3109) on socioeconomic 
variables and standardized test scores. 

 There was a statistically significant association 
between ventilation rates and mathematics scores, 
and it was stronger when the six classrooms with 
high ventilation rates that were indicated as 
outliers were filtered (> 7.1 l/s per person). 
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 The association remained significant when prior 
year test scores were included in the model, 
resulting in less unexplained variability. 

 Students’ mean mathematics scores (average 2286 
points) were increased by up to eleven points 
(0.5%) per each liter per second per person increase 
in ventilation rate within the range of 0.9–7.1 l/s 
per person (estimated effect size 74 points). 

 There was an additional increase of 12–13 points 
per each 1°C decrease in temperature within the 
observed range of 20–25°C (estimated effect size 
67 points). 
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 Effects of similar magnitude but higher variability 
were observed for reading and science scores. 

 In conclusion, maintaining adequate ventilation and 
thermal comfort in classrooms could significantly 
improve academic achievement of students.

 Haverinen-Shaughnessy U, Shaughnessy RJ (2015) 
Effects of Classroom Ventilation Rate and 
Temperature on Students’ Test Scores. PLoS ONE 
10(8): e0136165. 
doi:10.1371/journal.pone.0136165
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