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The Cost of Ventilation
Get’s More Expensive When Not Measured and Controlled

ASHRAE Journal, Vol. 65, 
No. 9, September 2023

TABLE 2   Cost per cfm of outdoor air 
CLIMATE 
ZONE

$/cfm / yr 
OF

OUTDOOR 
AIR

BLENDED 
UTILITY
RATE 

$/kWh

1A 1.66 0.15
2A 1.55 0.14
2B 0.81 0.15
3A 0.65 0.14
3B 0.79 0.14
3C 0.16 0.28
4A 1.82 0.24
4B 0.84 0.15
4C 0.63 0.12
5A 3.25 0.28
5B 0.74 0.14
6A 2.63 0.16
6B 1.21 0.10
7A 2.98 0.16
8A 4.16 0.16

NIST 7145 R, November 1, 2008
Analysis of Ventilation Data from EPA BASE Study

https://doi.org/10.6028/NIST.ir.7145r


The Lack of Ventilation
What is the Impact of Low Ventilation?

Ventilation rates in recently constructed U.S. school classrooms  
University of Michigan 2017



IAQ Benefits the Income Statement
Exceeding Minimum Ventilation Requirements Offsets Energy Cost

Benefits of higher ventilation rates estimated at $6,500 to 
$7,500 per person per year in employee productivity

Research of 3,000 workers over 40 buildings, shows that 
57% of all sick leave was due to poor ventilation

In the United States, most people’s health costs are directly 
tied to their employers who contribute to their health 
insurance (a range from $14,000 to $20,000 per employee per 
year on average)

Cost Effectiveness of Improving Indoor Environments to Increase Productivity 
Berkley Lab – IAQ Resource Bank

The Financial Impact of Healthy Buildings Dec. 1, 2020 
MIT – The Real Estate Innovation Lab

Healthy building effective rents transact between 4.4 and 
7.7% more per square foot than their nearby unhealthy 
neighbor peers

A statistical analysis of existing data has provided a central 
estimate of the average relationship between SBS symptom 
prevalence in office workers and building ventilation rate. 

This analysis indicates a 15% increase in symptom prevalence as 
the ventilation rate drops from 17 to 10 cfm (8 to 5 L/s) per person 
and a 33% decrease in symptom prevalence rates as ventilation 
rate increases from 17 to 50 cfm (8 to 24 L/s) per person.

Ventilation Rates and Sick Building Syndrome Symptoms  
Berkley Lab – IAQ Resource Bank

https://iaqscience.lbl.gov/cost-effectiveness
https://realestateinnovationlab.mit.edu/wp-content/uploads/2020/12/201214_Healthy-Buildings_Paper_V2.pdf
https://iaqscience.lbl.gov/ventilation-rates-and-sick-building-syndrome


Purpose of Ventilation & Filtration
OA Dilution with Targeted High-Level Filtration

REPLACE
Outdoor
Airflow

Exfiltrated, 
Relieved or 
Exhausted

Airflow
Occupied Space

REMOVE
Recirculated Air

mass defined: a quantity or aggregate of matter
mass flow rate  = mass over time

𝑚̇𝑚 𝑚̇𝑚

𝑚̇𝑚



Purpose of Ventilation & Filtration
Remove Microscopic Particles and VOCs

Source: National Academies – Why Indoor Chemistry Matters

https://nap.nationalacademies.org/catalog/26228/why-indoor-chemistry-matters


Purpose of Ventilation & Filtration
We Live Among Millions of Microbes

Source: National Academies –  Microbiomes of the Built Environment

Source: Chemistry - An Asian Journal –  Sensors and Analytical Technologies for Air Quality

https://nap.nationalacademies.org/catalog/23647/microbiomes-of-the-built-environment-a-research-agenda-for-indoor
https://nap.nationalacademies.org/catalog/23647/microbiomes-of-the-built-environment-a-research-agenda-for-indoor


units standardized at specific density conditions 0.075 lbm/ft3 
(1.2 kg/m2) at sea level 1 atm (14.69 psia), 70°F (21°C), 0% RH

Air is a mixture of gasses, and its density is significantly 
impacted by pressure (altitude, weather) and temperature 

ρ is the density
m is the mass 
V is the volume

Dilution flow rates are expressed in volumetric (actual) cfm (l/s) 
units

When conditions are different than this standard condition, then 
actual flow rates need to be adjusted to have the same dilution 
effect, unless calculations and measurements are in standard 
flow rates scfm (sl/s)

Credit: Lisa Hickey

Dilution Flow Rate
Density Impact



Dilution Flow Rate
Density Impact – ASHRAE 62.1-2022 Addendum j

Altitude Pressure Density World State / Population
(ft) (psia) (lbm/ft3) City Country (000,000)

Sea Level 14.696 0.075
750 14.302 0.073 Charlotte NC 872

1500 13.917 0.071 Munich DE 1,475
2250 13.540 0.069 Edmonton AB 981
3000 13.171 0.067 Billings MT 110
3750 12.811 0.065 El Paso TX 683
4500 12.458 0.064 Reno NV 249
5250 12.114 0.062 Denver CO 716
6000 11.777 0.060 Colo  Sprgs CO 465
6750 11.448 0.058 Loja EC 180
7350 11.190 0.057 Mexico City MX 8,851
8250 10.812 0.055 Addis Ababa ET 4,793
8500 10.709 0.055 Bogota CO 8,080
9350 10.364 0.053 Quinto EC 2,239

10000 10.107 0.052 Huancayo PE 425
11250 9.626 0.049 Cusco PE 358
12000 9.346 0.048 La Paz BO 845
13600 8.772 0.045 El Alto BO 1,185

Cooling / Heating Design
Airflow
(acfm)

100
97
95
92
90
87
85
82
80
78
76
74
73
71
69
66
64
60

Temp Density World
(°F) (lbm/ft3) City

-30 0.092 Edmonton
-20 0.090 Quebec
-10 0.088 Billings

0 0.086 Denver
10 0.085 Reno
20 0.083 Charlotte
30 0.081 Cusco
40 0.080 Bogota
50 0.078 Huancayo
60 0.076 El Alto
70 0.075 Quinto
80 0.074 Addis Ababa
90 0.072 Colo Sprgs

100 0.071 El Paso
110 0.070 Phoenix
120 0.069 Mecca

Elevation Atmospheric Pressure
Airflow
(acfm)

123
120
118
115
113
110
108
106
104
102
100

98
96
95
93
91

RH Density
(%) (lbm/ft3)

0 0.0750
10 0.0749
20 0.0749
30 0.0748
40 0.0747
50 0.0747
60 0.0746
70 0.0745
80 0.0744
90 0.0744

100 0.0743

Moisture Design
Airflow
(acfm)
100.0

99.9
99.8
99.7
99.6
99.5
99.4
99.4
99.3
99.2
99.1

Replacing Density with Airflow

24% Under Min Ventilation
15% Above Min Ventilation



Controlling Airflow is More Than Ventilation
Building and Zone Pressurization are Key to IAQ and Energy

10

𝑚̇𝑚 𝑚̇𝑚

𝑚̇𝑚
𝑄𝑄 = 776𝐶𝐶𝐶𝐶

2∆𝑝𝑝
𝜌𝜌

Q = OA – EA 
= SA – (RA + EA) 

Q = Pressurization Flow

https://fire.airnow.gov/



ASHRAE Introduces Ventilation Standard
Clean Air for Occupants

62-1973
Standard for Natural and 
Mechanical Ventilation

SECTION 1.0 PURPOSE AND SCOPE
This standard defines ventilation requirements for
spaces intended for human occupancy and specifies
minimum and recommended ventilation air 
quantities for the preservation of the occupants' 
health, safety, and well-being.

Good ventilation practice exists when clean 
ventilation air is provided in sufficient quantities 
to maintain the required oxygen, carbon dioxide, 
and other air quality levels in the space under 
consideration.

“Founder of Modern 
Nursing”

Authored 
“Notes on Nursing”

Florence Nightingale



Decline of Ventilation Rates
Are We Repeating Past Mistakes



Sick Building Syndrome or Building Related Illness
Used Interchangeable but are Different

Source: Creating Healthy and Sustainable Buildings: An Assessment of Health Risk Factors

https://www.ncbi.nlm.nih.gov/books/NBK553922/table/ch2.Tab1/


Airborne Infectious Microorganisms
Bioaerosols that can Remain in the Air, can be Inhaled, and can Cause Illness

• Aspergillosis Disease: Fungal infection caused by the inhalation of Aspergillus [airborne via mold spores] 

• Chickenpox Disease: Highly Contagious virus (infects unvaccinated) [airborne via infected host]

• Enteric viruses: Group of viruses related with the digestive system of hosts, including the genera Adenovirus, Calicivirus, 
Enterovirus, Rotavirus, etc. [airborne via infected host, toilet flushing]

• HPS: “Hantavirus Pulmonary Syndrome” respiratory virus [Rodents and their droppings]

• Influenza A: “Bird Flu” avian respiratory virus (from infected bird to human) [airborne via infected host]

• Influenza B: Respiratory virus [airborne via infected host]

• Legionnaires’ disease and Pontiac fever: Bacterial infection causing pneumonia [airborne via stagnant water]

• Measles: Highly contagious viral infection (infects unvaccinated) [airborne via infected host]

• MERS: Middle East Respiratory Syndrome zoonotic respiratory virus [airborne via infected host]

• Norovirus: “Stomach Flu” gastrointestinal virus [airborne via vomit, toilet flushing, resuspension from infected surface]

• SARS-CoV-1, SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus [airborne via infected host, toilet flushing]

• Tuberculosis: Bacterial infection impacting respiratory and other organs (infects unvaccinated) [airborne via infected host]



Airborne Infectious Microorganisms
Measles, Tuberculosis, Influenza are All on the Increase in US

Source: U.S. CDC

https://www.cdc.gov/measles/data-research/index.html


Denmark 1980’s
P. Ole Fanger
International Centre for Indoor 
Environment and Energy, TUD

It’s All About Body Odor
Ventilation for 80% Acceptability



What is Acceptable
Ventilation for 80% Acceptability

Office Buildings 

Office space Occupant activity is primarily sedentary (seated). There are no significant 
space-related contaminants

Educational Facilities 

Classrooms Occupant activity is primarily sedentary (seated or light walking). However, 
occupants are generally more vocal.(age 9 plus)  Also, the occupants are 
primarily children with higher metabolic rates and often more bioeffluents. 
There are some significant space-related contaminants, typically stored arts-
and-crafts supplies and cleaning agents. 

Lecture classroom Occupant activity is primarily sedentary (seated or light walking). However, 
occupants are generally more vocal, resulting in higher metabolic rates. 
There are no significant space-related contaminants. 



ASHRAE 62.1 Ventilation
Definition of Ventilation and Filtration

ventilation air: that portion of supply air that is outdoor air plus any recirculated air that has been treated 
for the purpose of maintaining acceptable IAQ. 
air-cleaning system: a device or combination of devices applied to reduce the concentration of airborne contaminants 
such as microorganisms, dusts, fumes, respirable particles, other particulate matter, gases, vapors, or any combination 
thereof. 



Add new text as follows:

408.1 Clean Air Delivery Capability. In group A, B, E, and I occupancies, each 
mechanical system shall meet the requirement in Section 408.1.1.

408.1.1 Airflow for increased filtration. Mechanical systems shall be sized to 
accommodate a design airflow at a total static pressure drop that assumes the 
utilization of a supply air filter with a Minimum Efficiency Reporting Value of not less 
than 13 (MERV 13).

Exceptions:
1. Ventilation for ambulatory care facilities, Group I-1 and Group I-2 occupancies shall 
be designed and installed in accordance with this code, ASHRAE/ASHE 170 and NFPA 99.
2. In group B occupancies, spaces smaller than 500 square feet (47 m ) served by unitary 
or Packaged Terminal HVAC equipment.

Filter Requirements
Minimum Efficiency Requirements of Mechanical Filtration



Filter Characteristics
Efficiency of Mechanical Filtration

Source: Laboratory Measurements to Quantify 
the Effect of Bypass on Filtration Efficiency – 
ASHRAE Transactions 2009



Air Cleaning
Impact to Indoor Air

School IAQ Fact Sheet: Electronic Air Cleaners – USGBC 2022

Unintended Consequences of Air Cleaning Chemistry
Environ. Sci. Technol. 2021, 55, 12172−12179

https://www.usgbc.org/resources/school-iaq-fact-sheet-electronic-air-cleaners
https://pubs.acs.org/doi/10.1021/acs.est.1c02582?ref=pdf


Air Cleaning Chemistry
Be Aware of the Science

https://doi.org/10.1016/j.buildenv.2021.107750
https://doi.org/10.1016/j.buildenv.2022.109804
https://doi.org/10.1021/acs.est.3c05680
https://doi.org/10.1021/acs.estlett.2c00599


Relationship Between CO2 and Ventilation
It is Very Occupant Dependent



Default ΔCO2 Limits

Occupant Density 
Adjustment

Sensor Placement 
& Calibration

Control Requirements

+ 400 = 2200ppm
+ 400 = 2500ppm

ASHRAE 62.1 Addendum ab
Providing New Approach and Correcting Improper Application



Demand Control Ventilation (DCV)
Is Often Misunderstood and Can Over-ventilate or Under-ventilate

cf
m

 / 
Pe

rs
on

CO2 ppm

Combined Male / Female (Age 18-60) 
Mean BMR, 1.3 MET, 70°F Sea Level

3.0 MET



Other Sources or Removal of CO2
Additive Air Cleaning Technologies may Add or Remove CO2



ASHRAE 62.1 Addendum ab
CO2 DCV Only When Source from People and Dilution Only with Outdoor Air

6.2.6.1 Demand Control Ventilation (DCV). DCV shall be permitted as an optional means of 
dynamic reset.
6.2.6.1.1 For DCV ventilation zones in the occupied mode, breathing zone outdoor airflow (Vbz) 
shall be reset in response to current population. Current population estimates or indicators used in 
DCV control calculations shall not result in ventilation rates that are less than those required by the 
actual population when averaged over the time period determined in accordance with Section 6.2.5.2 
or one hour, whichever is less.
6.2.6.1.2 For DCV ventilation zones in the occupied mode, breathing zone outdoor airflow (Vbz) 
shall be not less than the building component (Ra × Az) for the zone. 
6.2.6.1.3 CO2 sensors shall be permitted to be used for DCV in accordance with the following 
subsections.

Exception to 6.2.6.1.3: 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.



GCO2 =RQ×BMR×M×(T∕P)×0.000034

Compendium of Physical Activities

DOI: 10.1111/ina.12383
A. Persily, L. de Jonge247.9% carbohydrates,

33.6% fat, and 15.9% proteinRQ = 0.85

G =0.85×7.0×1.3×(531∕14.7)×0.000034
G =0.0095 cfm (0.0045 L/s)

10 cfm, 0.12 cfm, 35/1000 sqft
MinV=(10×35)+(0.12×1000)

Middle School Classroom 

MinV=470 cfm (13.4 cfm/p)

ppm=420+(0.0095/13.4)×106

ppm=1129

62.1 / IMC / UMC Ventilation Rate

Solve for Steady State CO2

30% Removal Eff
cfm/p= 0.0095×106/(790-420)
cfm/p= 25.7

ASHRAE 62.1 Addendum ab Calculation
CO2 DCV Doesn’t Work With Air Cleaning Addition or Removal of CO2

https://sites.google.com/site/compendiumofphysicalactivities/home?authuser=0
https://sites.google.com/site/compendiumofphysicalactivities/Activity-Categories?authuser=0
https://doi.org/10.1111/ina.12383


IAQP and Harm
Ventilating at Levels Near Hazzard Limits May Cause More Harm  

The monetized harm shows that for some contaminants it is not 
worth reducing them below these levels, but for some it very 
much is. Being exposed at 12 μg/m3 of PM2.5 is harming a 
“statistical” American over $5,000/yr, and it would easily be 
worth it for them, for example, to spend a thousand dollars per 
year to cut that in half. IAQ Paradigms - The Next Generation, ASHRAE Journal July 2024

Harm from Residential Indoor Air Contaminants, 
Environ. Sci. Technol. 2024, 58, 242−257 

https://iaqscience.lbl.gov/cost-effectiveness
https://iaqscience.lbl.gov/cost-effectiveness


IAQP and Air Cleaner Degradation
What Happens as the Air Cleaner Efficiency Degrades?

Most IAQP calculations are driven by formaldehyde, 
meaning formaldehyde is at the design limit with the 
resultant outside airflow. 

For example, an air cleaner might have a first-pass 
removal efficiency of 99% for formaldehyde, but the 
removal efficiency drops down to 60% when the 
manufacturer recommends that the air cleaner is 
replaced. In a typical 10,000 ft2 office building, the 
resultant outside airflow requirement would only be 315 
CFM if you used that 99% efficiency value in your IAQP 
calculations. However, if you were to operate that 
building at 315 CFM, the formaldehyde concentration 
would actually increase up to approximately 42 μg/m3 
by the time that the air cleaner is supposed to be 
replaced. That resultant concentration would be well 
above the specified design limit.



ASHRAE Standard 241-2023
A New Approach to Cleaning and Diluting the Breathing Zone 

Building Readiness Plan (BRP)

 Rate Based Standard

Normal ventilation mode (ASHRAE 62.1, 62.2, 170) or IRMM (infection risk 
management mode) determined by the operator and building owner, AHJ, or public 
health official.

Plan to include: Measurement of outdoor, supply, return airflows & the ventilation system controls 
(VSC) and dynamic operation (DCV, VAV, Multi-Speed CV, etc).
Building and space pressurization control 

Commissioning  & Functional 
Performance Tests (FPT)

Extensive documentation, sequences, and testing in multiple modes for ventilation 
delivery, filtration operation, and pressurization (ASHRAE 202, 230)

VACS air cleaning system equivalent clean airflow rate

VRC recirculated airflow rate cleaned by the air cleaning system

VECAi minimum equivalent clean airflow rate required in the breathing 
zone to mitigate long-range transmission risk in IRMM

ECAi required equivalent clean airflow per person for infection risk mitigation



ASHRAE Standard 241-2023
Comparing ECAi to 62.1 VRP minimums



Source: 241 Equivalent Clean Air Calculator

A1.2.1 Testing Laboratory. Testing shall be performed by a third-party 
independent laboratory. The air cleaning system manufacturer, or any 
entity owned by the system manufacturer, shall not perform the test.

ASHRAE Standard 241-2023
Requirements and Validation of Air Cleaning



ASHRAE Standard 241-2023
Equivalent Clean Air Calculator



Air Cleaning Test
Reading Between the Lines



ASHRAE Standard 241-2023
What is the VACS  clean airflow?

Evaluation of an in-duct bipolar ionization device on particulate 
matter and gas-phase constituents in a large test chamber
Building and Environnement. Volume 213, 1 April 2022

https://doi.org/10.1016/j.buildenv.2022.108858


Equivalent Clean Air
Could it Become a Minimum Ventilation Option?

Equivalent clean airflow (VECAp,g): The theoretical flow rate of contaminant-free air that, if 
distributed uniformly within the breathing zone, would have the same effect on the concentration of 
airborne particles and gases as the sum of actual outdoor airflow, filtered and air cleaned airflow.

Breathing zone outdoor airflow (Vbz). The outdoor airflow required in the breathing zone (Vbz) of
the occupiable space or spaces in a ventilation zone shall be not less than the larger of the value determined in 
accordance with Equation X-2.

𝑉𝑉𝑏𝑏𝑏𝑏 =  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉,𝑔𝑔 − 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓𝑓𝑓   (X-2)

where
𝑉𝑉𝑏𝑏𝑏𝑏 = the outdoor airflow required in the breathing zone, cfm (L/s) 
EfVfz = formaldehyde efficiency of the air cleaner system multiplied by the volumetric airflow of the air cleaner 
or equivalent clean airflow of the air cleaner in the breathing zone as determined by Section 6.3.4 (addendum n), 
cfm (L/s)



What We Have Learned

1. Why is it important to know Mass Flow Rate?

2. Does ASHRAE 62.1 consider all contaminants in the Minimum Ventilation 
Rates?

3. Can CO2 DCV be used with IAQP or with any air cleaning technology?

4. Do all air cleaners only remove matter from the air?

5. Do air cleaners always maintain the same level of performance?



Darryl DeAngelis

Thank You
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