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s 2018-2019 Weekly Overlapping Plot for AHU RA CO2 in a TX building
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The Value of CO2 Monitoring for HYAC Operations, IAQ and Energy

GSA/CMU - Ventilation as a Public Health Strategy Research - Sep 2025

Center for Building Performance and Diagnostics

Carnegie Mellon University
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10:00 am

10:15 am

11:00 am

11:45 am

12:15

Health in Buildings Roundtable
Focus on What Matters - Improving Ventilation for Health and Productivity

September 17, 2025

Presentations followed by Group engagement & discussion

Introduction: Making Ventilation and Indoor Air Quality a Public Health Strategy
(Cameron Oskvig, Brian Gilligan)

OA Matters!
(Vivian Loftness)

CO2 Matters!
(Vivian Loftness, Jinzhao Tian, Haipei Bie)

Building a Performance Database from 30 Office Buildings
(Vivian Loftness, Jinzhao Tian, Haipei Bie)

pm Lunch Break
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Health in Buildings Roundtable
Focus on What Matters - Improving Ventilation for Health and Productivity

September 17, 2025

After lunch

1:00 pm The IAQ Moonshot - A Conversation with national thought leaders
(ARPA-H Jessica Green, ASHRAE - Bill Bahnfleth, Brown University - Georgia
Lagoudas, HIBR Cameron Oskvig, USGBC - Seema Bhangar)

2:00 pm Faults that matter to CO2 and other IAQ challenges
(Vivian Loftness, Jinzhao Tian)

2:45 Coffee Break

3:00 pm Economizer Value for CO2, IAQ, and Energy
(Vivian Loftness, Haipei Bie)

3:45 pm Concluding Discussions  (Vivian Loftness, Cameron Oskvig, Brian Gilligan, Jed Ela)

4:30 pm Adjourn
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OA Matters?

1b.

What Professional Perspective do you represent?



> w e

OA Matters

Minimum Outdoor Air (OA) standards around the world
Criteria for Increasing OA vs Equivalent Clean Air (ECA in 241)

Research on whether OA Matters to health and productivity

Energy effective methods to increasing OA:
Natural ventilation, Economizers
Dedicated Outdoor Air (Separating Ventilation and Thermal)

Group engagement & discussion



HOW m UCh Outside A”_ Minimum ventilation rate in office

do we need? UK Average EU OA 13 L/s
Sl
RO
REHVA study ';I
AVentilation Rates na
European Standards ‘a 0
Brelih + Seppénen I
HU 25.0
Average 13 L/s per person &R
DE 25.0
FR
ASHRAE Standard 62.1 - 2022 chl
2.4 - 9.6 L/s per person BG
0 5 I10 I 15 20 25 30

ventilation rate [I/s per person]
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First cost increase:

Annual funding gain:
{ &nnual energy-cost increase:
et savings:

RO

In a 2006 multiple building study of 54
elementary schools, Shaughnessy et al
identify a 14.4% improvement in
ndardized math test scores in classrooms
a ventilation rate higher than 4.5 I/s-
person, as compared to classrooms with a
entilation rate lower than 2.25 I/s-person.

$13 / student
$158 / student
$2 / student
$156

1200%

Increase Outside Air




Increased Outside Air rates = Productivity

In a statistical analysis of multiple school and office studies, Seppéanen et al. identified that the
average work performance increased by approximately 0.8% per 4.7 L/s (10 cfm) increase in
ventilation rates per person (in arange from 6.5 and 14 L/s per person (14 and 30 cfm).

104 v
§ 187 ] In & 2011 lab experiment of office building
E‘“z' B in Turku Finland, Maula et al identified a
e T 5.46% increase in working memory
$ 100 S minimus ventlaton rate ofies n s i
el / rrinewor el performance and lower ratings of

NS perceived fatigue when ventilation rates

0 M W & % 0 W & increased from 2.3 L/s to 28.2 L/s.

Vertiaton rate (¢ per person)

Figure 2. Predicted performance of office work at variows ventilation rates relative 1o performance at the indicated reference ventilation
rates. The curves in Figure 2 are derived from equations representing the best fit composite weighted curve shown in Figure 2 of
Seppanen et al. [11]. For ventilation rates less than 28 ofm (10.4 Lfs) per person, the increased performance with ventilation rate have a
10% or smaller probability of being the result of chance (e, the 90% confidence interval excluded unity),
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Rhinovirous

Increased Outside Air Benefits Health and Productivity

3 1Ave, 12.54% Increase in Cognitive Performance

o
2%
1Ave, 11,5% Increase in Task Performance
9%

M

1Ave. 15.5% Increase in Productivity
| Ave. 51.8% Reduction in SBS
a%
1 Ave.42% Reduction in

w0

2%

285 0

©% 0% % [ 20%

The Value of CO2 Monitoring
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NAS/ GSA/CMU Workshop

There may be more to
outside air than just
oventilati or
that impact health,
SBS symptoms and
task performance

(refs: CMU BIDS 2024)

September 17, 2025 22



TABLE 1.

Average US OA
Average EU OA

7 L/s
13 L/s

Proposed Non-infectious Air Delivery Rates (NADR) for Reducing Exposure to Airborne Respiratory Diseases;
The Lancet COVID-19 Commission Task Force on Safe School, Safe Work, and Safe Travel

Volumetric flow rate Volumetric flow rate Volumetric flow rate
per volume per person per floor area
ACHe cfm/person L/s/person cfm/ft? L/s/m?
0.75 + ASHRAE minimum 3.8 + ASHRAE minimum
Good 4 < 10 outdoor air ventilation outdoor air ventilation
1.0 + ASHRAE minimum 5.1 + ASHRAE minimum
Better 6 30 ) . ) I
14 outdoar air ventilation outdoor air ventilation
=1.0 + ASHRAE minimum =51 + ASHRAE minimum
Best =6 =30 ) i , .
>14 outdoor air ventilation outdoor air ventilation
COVID, Lancet Commi ssi on Task Force on Safe Wor k, Safe School s, and Safe Tr
( NADR) for Reducing Exposure to Airh®rne Respiratory I nfectious Dise
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OA Matters?

2D.

Should OA minimums be raised above
present US minimums in line with
International standards for health and productivity ?



HVAC Commissioning & Maintenance Impacts on Ventilation

In a 2020 field study in 94 classrooms in California,
Chan et al. identified that improperly selected
equipment, lack of commissioning, incorrect

fan control settings, and maintenance issues
(heavily loaded filters), were all associated with
under -ventilation in  51% of recently updated
classrooms.

During school hours, the average classroom COF
was 895 ppm with standard deviations of 263 ppm,
and ventilation rates averaged 5.2 L/s per person.

Chan, W. R, Li, X., Singer, B. C., Pistochini, T., Vernon, D., Outcault, S.,Sanguinetti, A
& Modera, M. (2020). Ventilation rates in California classrooms: Why many recent
HVAC retrofits are not delivering sufficient ventilation. Building and Environment, 167,
106426.

School 1 School 2 School 3
1K 100%= 100
hirti B B
B BOY% Loy
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mﬁ_lllllll m,,Il“ ol

School 4 Sehool 5 School B
100 100% 100
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Percent of time during school hours when measured
CO2 concentration exceeded 1100 ppm (yellow) .

Each bar represents a classroom. -



OA Matters?

3b.

How often do you conduct
commissioning or testing & balancing operations to
ensure adequate delivery of OA minimums?



AClean Airo =
(Filtered) Outside Air + Filtered Recirculated Air+In -r oom OFi | tr

gKv"ku"vkog"vqgq"cdcpfgp"vjg"ctvkhkekcn" f kx|
truth, there is no indoor air and no outdoor al there is only ONE AIR that we all
dtgcvjgO0O" Cpf"vjku"ckt"owuv"dg"engcyf

Pavel WargockiONE-AIR Paradigm Sept 8, 2025
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ASHRAE Standard 241 Introduces the concept of "Equivalent Clean Airflow"
(ECA),it he t heoreti cal -freeaiothat, if distrirutecouniformlig t h o g e n
within the breathing zone, would have the same effect on infectious aerosol
concentration as the sum of actual outdoor airflow, filtered airflow, and inactivation of
infectious aerosols. 0

In periods of elevated infectious disease  transfer , ECAI ventilation per person
requirements can be met by outdoor air flow (mechanical/natural ventilation),
by multi -zone air cleaning systems (typically AHU filters), and by in -room air

cleaning systems. ECAI is above and beyond the minimum ventilation requirements
in 62.1, 62.2, or 170.

Increasing the level of recirculated, filtered air to achieve
equivalent clean air could become the default in ECAI and may
deprioritize increasing outside air (OA).
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Could the natural attributes of outside air beyond dilution and O 2
be significant for human health and productivity?

The Value of CO2 Monitoring NAS/ GSA/CMU Workshop  September 17, 2025 30



Sources of microbes and infectious disease are predominantly indoors..

T Netwmad A wdvwmses of
SCHUNCES - ENGINEERING - MEOIONE

Microbiqmes of the
Built Environment

A REBTARCH AGENDA FOR IWDOOR NMACROSIOLOGY.
"

MUMAN MEALTH, AND BUILDINGS

In a 2013 nine-day classroom study at the University
of Oregon, Meadow et al identified that human -
associated bacterial genera were more than twice as
abundant in indoor air compared with outdoor air,
and natural and night ventilation had a demonstrated

effect on reducing indoor airborne bacterial
community composition

31
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Dy T .

1L

The varying spectra of daylight entering the eye sends signals to the brain to
trigger the release of serotonin (the body’s natural anti-depressant) during the
day and melatonin (a hormone effecting sleep) at night. This is what creates
our circadian rhythm and promotes our mental and physical health, our mood,
and our physical energy.

We spent 100 years unaware that daylight and circadian
stimulus was important to our health.

Are we making the same mistake with outdoor air?

32



OA Matters?

11.

Should ASHRAE 241 standards for
Equivalent Clean Air (ECAI) more strongly promote
iIncreased OA (MERYV 13) whenever possible?



TR —

In @ 2004 multiple building
s N riosi et al

First cost increase: $1,000 / employee
Annual health savings: $181 / employee
Annual productivity savings: $85 / employee
ROI: 27%

-

Open Windows
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Natural Ventilation = Reduced SBS

In a 1987 cross sectional study of 42 buildings (4373 office workers) in the UK, Burge et al.
identify an average 23.11% reduction in self -perceived work -related symptoms in
naturally ventilated buildings  as compared to buildings that support other modes of
ventilation.

In a 2002 meta-analysis of 12 studies (467 office buildings and n = 24,000 subjects) across 6
European countries and the USA, Olli et al. identify a 23 -67% decrease in SBS symptoms
in naturally ventilated offices as compared to air -conditioned offices.

In a 2007 study of 9 office buildings in Copenhagen, Denmark, Hummelgaard et al.identified
31% less prevalence of SBS symptoms  among workers in naturally ventilated buildings
compared to workers in mechanically ventilated buildings.
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Natural ventilation = reduced absenteeism

Sickness Absenteeism Rates in Offices

f0
In a 2020 field experiment in Hyderabad, o 60
India, Ganiji et al. identified that naturally % § 50
ventilated offices are associated with 2 E a0 h=d9.4%
49.4% lower sickness absenteeism rate JE 2 5
in employees compared to air - g E 20
conditioned offices , along with lower S < i,
reporting of Sick Building Syndrome ,

Symptoms (p<005) (tzlyr’ n=400) Males Females Total

m AC Office = Non AC Office

The Value of CO2 Monitoring NAS/ GSA/CMU Workshop  September 17, 2025 36



Natural Ventilation Benefits Health and Productivity
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SBS symptoms and
task performance

(refs: CMU BIDS 2024)
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The Potential to Combine Natural Ventilation with HVAC Cooling and Filtration

Mixed Mode: Concurrent, Changeover, Zoned

N

Loy

o

-
2_ panmtouig,

H
%

)
-

£

8

'\

(CBE)
Decoupled
DOAS and
Thermal (PGE)
byl

HVAC
' Distribution

Ventilation
Control

dl

FrouRe 1: DIaGRAM OF DECOUPLED DOAS CONFIGURATION EXAMPLE
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Mixed Mode = Improved Thermal and Air Quality Satisfaction (CBE)

3 T = o ‘ 3T — - — ,
Thermal Comfort: Satisfaction VF'Y Air Quality: Satisfaction ,l".f;
___________ LEED® and GREEN(n=20)  : |  Satisfed LEED® and GREEN (n = 20) ) 1
compared to CBE Database (n = I181) - CIGE (1.43 195 compared to CBE Database (n = 161) _’\_j"’
H . ~ . | X2
0.54 : CCGT(0.19) @ L
'§ qI : -*L)\AL',CBF (0.62)——— @02 s Wl | —
5 2 - - HF (0.24) g \ C(l:gi g?&;
"""""""""""""""""""""""""""" 1 HF (1.95)
i i b
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, . CCGT (1.50)
Very ’
3 - : ' Dissatisﬁgd P
0% 2'5% gO‘% 7'5% 100% R 0% 25% 50% 75% 100%
Percentile Rank Percentile Rank
@ General Database . / LEED/Green * Mixed-Mode

BH - Bren Hall
CBF - Chesapeake Bay Foundation
CCGT -~ Chicago Center for Green Technology
CIGE - Carnegie Institute for Global Ecology
HF - Hewlett Foundation

Figure 2: Survey results from five mixed-mode buildings—thermal  Figure 3: Survey results from five mixed-mode buildings—air qual-
comfort satisfaction. ity satisfaction.



Dedicated Outside Air (DOAS) with Separate Thermal =

HVAC energy savings and IEQ satisfaction

Ventilation Heat

Ventilation = HVAC
R DOAS LT L
SCNEy E‘j ™\ " Fan System GO | Central
¢ S| System _
M bl _ |

| BC CONTROLLER |
j L_c,—:\ JLJ

HVAC Ventilation [

Distribution Control
H\ -

FIGURE 1: DIAGRAM OF DECOUPLED DOAS CONFIGURATION EXAMPLE

1 == |

JL_‘ﬁ <m‘“ s
‘ P
J

T

FAN (O (- ) o a

(_L
| — 4

The Value of CO2 Monitoring NAS/ GSA/CMU Workshop

In a CEC study of 4 California commercial
buildings, Bulger et al identified that the
shift from conventional combined thermal
and ventilation systems to separate
thermal and ventilation combining

DOAS with variable refrigerant flow

(VRF) heat pump systems resulted in a
41% to 66% HVAC energy savings
compared to the California HVAC energy
benchmark (t = 18 months).

September 17, 2025 41



Dedicated Outside Air (DOAS) with separate Thermal =
HVAC energy savings and IEQ satisfaction

In a five year before and after study of eight commercial buildings, Yoder et al identified that
the shift from conventional VAV combined thermal and ventilation systems to very high
efficiency Dedicated Outside Air Systems (VHE  -DOAS) with heat pump thermal resulted
in a 48% whole site energy savings and a 43% increase in occupant satisfaction with all
IEQ parameters (n = 48).

Table 7. Change In Satisfaction and Dissatisfaction Across |IEQ Parameters
Air
Overall Temperature Air Movement Noise Quality
Percent change in SATISFACTION +43.3 0 +43 +23.9 +5

Percent change in DISSATISFACTION  -29.7 -42.8 -28.8 +24 417
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OA Matters?

12.

Should future commercial building standards and
FM/engineering educational programs
expand commitments to natural ventilation
for Energy, Health and Productivity?

supporting Mixed-Mode or DOAS (with Decoupled Thermal conditioning)



Our Conclusions: OA Matters!

The word o6ventilationdé and/ or oOovent |
to outside air rates only, and be measured.

eCAi guidance should promote increased OA, unless outdoor
conditions have significant health, comfort or energy concerns.

Energy efficient OA can be achieved by mixed mode, DOAS,
Economizers, and Energy Recovery Ventilators (ERVS).

The human health and performance benefits of Natural Ventilation,
Economizer and DOAS need to be further researched.



CO2 Matters

. The only available metric of IAQ in commercial buildings
and can be a placeholder for other IAQ concerns

. The literature identifies health and performance gains from
lower CO2

. CO2 is a measure of ventilation delivery from AHU to
service area and of ventilation delivery in the Zone

. Comparing Zone CO2 and Air Handling Unit (AHU) Return
Air CO2 suggest two thresholds

. Group engagement & discussion



400 600 750 800 900 1000 1100

coxeom

e Best (ASHRAD) LOM(KSCT) Better (WELL) » Good (WELL) « Good (ASHRAE)e

e Better (LEED v5) Good (RESET) e
REEDVS)

Figure 2.7.1 Thresholds of concern CO2

10,000 (1.0%) 30,000 (3.0%) 50,000 (5.0%)

5000(0.5%) 15,000 (1.5%) | 40,000 (4.0%) 80,000 (8.0%)

coreew |
|
- v | Mid respiratory . Immediately !
ORMA Prrmesuible e L’";""" ® stimudation foe Modersto revpestory dangesos 10 We o0 Denmed
Expoure Limt FEL)  positle some people \emulaton, ncressed Pealth OOLH) S
heart rate and blood Moy uncomciouineds
e Stroneg respin
ACKE Threshald pressure. ACGR wirmndation, dzziness, ponsuble death
Lt Vadow (TLV)
for Bhour expolre TLV-Short 1orm canfution, headache,
shoctrns of breath

Figure 2.7.2 Health problems in different level of exposure to CO2 extracted from (FSIS Environmental)

There are a range of thresholds set for CO2 by various building rating systems;
CO2 is not a risk to health until it reaches levels > 5,000 ppm, but levels above 750 ppm have

been linked to lower cognitive performance (CMU/GSA ref).
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CO2 is also the only persistent IAQ metric in place in commercial buildings,
integral with many international standards

CO2 sensors in the return air of the air handling
units (AHU RA CO2), and in occupied zones
(Zone CO2, typically with demand controlled
ventilation DCV), are used to control air dampers
and ventilation rates.

Standards around the world incorporate CO2
levels in building operations and assessments.

Ongoing evaluation of CO2 data in workplaces
is critical with the further development of key
performance indicators (KPIs).

Mendell, M. J., Chen, W., Ranasinghe, D. R., Castorina, R., & Kumagai, K. (2024).
Carbon dioxide guidelines for indoor air quality: a review. Joumnal of Exposure Science
& Environmental Epidemiology, 34(4), 555-569.

€0, concentration limit (ppm) in guideline

2000

1500

1000

o il i o o o

2008
KEY
"o —_— ursatisfactony
posor
Tair
good
very good
100 1200 1200 100
1100
1000 2000
50 50 950
0 E] EL ]
TE0 75 T50 - TS0

welsl BHEAE  FEMG OF  CEN

Keaa SEIAN  GETEY  Span

Country or Organization

Fig.2 Eight identified CO, guidelines set with multi-tier limits,

47



1750

The US and many other nations
have set 1000 ppm Zone CO2 1500
thresholds to represent

ventilation effectiveness. =
§ 1250
- . _I
The Nordic countries and N
Singapore have set 800 and 550 Q
. . O 1000 .
ppm thresholds for ventilation, .
specifically to reduce infectious
disease transfer (orange). o
Mendell, M. J., Chen, W., Ranasinghe, D. R., Castorina, R., & Kumagai 500

(2024). Carbon dioxide guidelines for indoor air quality: a review. Journal of
Exposure Science & Environmental Epidemiology, 34(4), 555-569.

® Basis for Guidelines
1@ @ None specified
@ Odor
00000 @ Health, noninfectious
@
o0
@

‘11
|®

@

Number of Guidelines

48



In multi -day blind studies, the
deliberative increase of CO2 in
workplaces from 500 ppm to 930
ppm resulted in measurable
declines in cognitive performance
across 7 of 9 work tasks.

Allen JG, MacNaughton P, Satish U, Santanam S, Vallarino J,
Spengler JD. 2016. Associations of cognitive function scores with
carbon dioxide, ventilation, and volatile organic compound
exposures in office workers: a controlled exposure study of green
and conventional office environments. Environ Health
Perspectives124:8051 812; http://dx.doi.org/10.1289/ehp.1510037

Score (normalized to Greens)

O Greens O Mosem(0, A& HghCD, I

€0, concentration (ppm) 49



CO, Matters

6.

What CO, thresholds do you think should be set
for AHU RA CO , alerts/faults/sparks ?



O¢ O« O¢ O« O«

The Power of CO2 Sensor Data in Commercial Buildings

Air Handling Unit Return Air (AHU RA) CO2 offers a proxy for system
level ventilation of a service area  (defined area key)

Zone CO2 offers a proxy for occupancy in the zone
Zone CO2 offers a proxy for ventilation per person in the zone

By analyzing:

Steady state Y ventilation rate
Decay curves Y air change rate
Trends showing CO2 not reaching OA levels

Trends showing CO2 rising over
Patterns that must be tracked to achieve 600/ 800/ 1000

per
esti

t i me

P

m a

51
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CO, Matters

13.

Should CO , sensors be a minimum requirement
for all AHU RA
with sustained time series records?



2018-2019 IN building AHU-A2 RA CO2 vs OA flow Time series plot

800 { — AMUA2 PA CO2

. -
g _ £
= Mg S
~ £
g - i
< . =
: - il i | °

S | R e T

‘ 1 | ~

Where OA Airflow Stations exist, OA flow in cfm clearly correlates with AHU RA CO2
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AHU CO2 may not be enou

14.

Estimating ventilation rates based on CO2 and AHU temperature sensor readings is difficult.

Should OA airflow stations be a minimum
requirement for all AHU
with sustained time series records?



Zone CO2 Sensors can act a Tracer Gas for Occupant -Generated CO2
to Estimate Zone Air Change Rate (with Decay)

In a 2002 experimental study, Claude -Alain et
al. identified that the use of continuous zone o -
CO, records to calculate the air change rate J

1900 |

was comparable to the tracer -gas decay = IW
method using SF ¢. within 2% of accuracy. ! I / {
ull i ' ‘
1200 {} ot ‘
In a field study, Nowak et al. estimated the air | Yo {1 1 | ; '
change rate in an office room in Cracow to be m| UK ( \' l %nﬁ \ B!
0.1 ACH, by analyzing the CO2 concentration w0 | . BSECR / o]

decay conditions after occupants left the space  wiiwpns wimssn ammzon 2mmeon 20 meen 50 @ a
while the system was on.

Figure 3. Records of carbon dioxide concentration in another office room in the LESO building

Claude-Alain, R., & Foradini, F. (2002)Simple and cheap air change rate measurement using CO2 concentration decays . International Journal of Ventilation, 1(1), 39-44.
Nowak, K., NowakDzieszko, K., & Marcinowski, A. (2018, August)Analysis of ventilation air exchange rate and indoor air quality in the office room using metabolically
generated CO2 Materials Science and Engineering (Vol. 415, No. 1, p. 012028). IOP Publishing.
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Zone CO2 Sensors for Occupant -Generated CO2 can estimate the
ventilation rate per person (with daily peak)
alongside correlations with illness absence in schools

In a 2013 two year study of 162 3rd-5th-grade classrooms in
28 schools in three school districts, Mendell et al. used
classroom CO2 sensors to calculate ventilation rates for
correlation with illness absence.

With median ventilation rates at 4 L/s (far below the 7.1 L/s per
person California standard), the authors identified that for
each additional 1 L/s per person of OA ventilation rate,

lliness absence was was reduced 1.6% (p<0.05).

Increasing classroom ventilation from the median 4 L/s-person
to the State standard would decrease iliness absence by 3.4%,
increase attendance-linked funding to schools by $33 million
annually, and increase costs by only $4 million.

3=Day
» T-Day
o 14-Day |
v 21-Day |

-0.02 000 002 0.04

Estimated proportion change in illness absence
-0.06 -0.04

South Bay  Central ™
coasl  area valbey

n, 13,363- 5252- 9.781- 28,396-
range 14,6684 6106 10438 31208

Fig. 2 Estimated proportion (%) change in illness absence
with increase of 1 l/s-person of VR, within observed range
|-20 |/s-person, by district and for combined districts, for four
VR-averaging metrics (ventilation-averaging metrics ¢nd on day
prnor to day of illness absence assessment)

Mendell, M. J., Eliseeva, E. A, Davies, M. M., Spears, M., Lobscheid, A, Fisk, W. J., & Apte, M. G. (20A8}ociation of classroom ventilation with reduced illness

absence: A prospective study in California elementary schools . Indoor air, 23(6), 515528.
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CO, Matters

15.

Are CO, meters needed at the zone level
even if demand controlled ventilation is not planned?



Our Conclusions: CO2 Matters

Ventilation is key to human health and performance and CO2 levels
are the best avail able indicator of

AHU RA CO2 sensors are critical for identifying ventilation rate concerns
and HVAC system faults for a service area (to always be labelled).

Zone CO2 sensors are critical for identifying ventilation rate concerns in
a zone that might affect cognitive performance, absenteeism and SBS.

Making OA airflow stations a minimum requirement for all AHUs with
sustained time-series records would improve IAQ management.



COEEE NN

Building a CO2 Database for Analysis

with GSALink for time-series CO2 data alongside:
time-series Energy, time-series Sparks (Faults), BAS

CO2 sensor quality and accuracy, haming conventions
Data cleaning -5 variables

Data/sensor calibration - offsets and drifts

Descriptive statistics of available data, means and extremes
Records Matter!

the importance of a national data set over time for analysis



GSAlink Buildings (168)

In a deep dive of 168 GSALink Federal Buildings

40% of the federal buildings have = AHU CO2 sensor records in their BAS
11% of the federal buildings have  Zone COZ2 sensor records in their BAS.
59% of the remaining buildings have  active economizer control records

/l Control Group (12)

Economizer Enable Command Only Group (7)

NOVA VWP Phase 4b (91)

Economizer Temperature Setpoint Only Group (4)

Economizer Enable Command & Temperature Setpoint
Group (6)

Discarded Group due to Missing Critical BAS Data (31)

Novavwe  [ND
Phase 4a (26)
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29 Buildings in GSALink Portfolio have CO2, Energy, Sparks data 2018 -2019*

Number of AHUs and Economizers installed in 2018+2019 in 29 Buildings Nationwide

B AHU without Economizers [l AHU with Economizer

150

Mumber of AHUs and Economizers installed

14 (1) 24 (4) 34 (5) 36 (1) 24 (3 4c (1) 54 (8) 58 (4) BA (1) 71

Climate Zone (Mumber of Buildings)

29 GSALink buildings across the nation, with a total of 588 AHUS,
315 have AHU RA COZ2. 4 of these buildings have Zone COZ2 for 295 Zones .

17 of these buildings have a subset of 179 AHUs with economizer operation.
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Expected Patterns:

CO2 Level (ppm)

Base Level

Typical Workday CO2 Sensor Time Series Data

Lunch Break (may happen)

g

r

Rise Period Period (Low occupancy)

Base Level

4

0:00 3:00

6:00 9:00 12:00 15:00 18:00 21:00 0:00

62



AHU RA CO2 (ppm)

1200

1000

Aggregate Workday Daily Plot for OK building AHU-2E-1

AHU RA CO2 Sensor

— Median

Zooe CO2 (ppm)

1200

Expected Patterns? Typical Workday CO2 Sensor Readings 500 workdays

Aggregate Workday Daily Plot for MD building VAV C71C524

Zone CO2 Sensor

— Median
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Typical Weekly CO2 Sensor Time Series Pattern

Expected Patterns:

L
1800  ygad 0600

L
1B00  qye 0600

1800 ga¢

Thu &S00

BB

Mon 600

(wdd)2ne7 200
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At the end of each day, CO2 level should return to base or OA levels to avoid

ppm at Zone)

and > 600

ppm at AHU

1
1800 yhy 0600

1
100 wed 00

Total unoccupied hours > 500

IAQ buildup (a possible operational alert to extend OA/fan operating hours )

or KPI

Sun

1800 Sat

06.00

Fri

18:00

06 00

1800  Tue

L )

(wdd) 881200

Mon %600
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AHU 6-1 CO2 (ppm)
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2018 2019 Weekly Overlappmg Plot for AHU 6-1 RA C02
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For some AHU, the RA CO2 returns to OA levels on weekends only, the cumulative
increase of AHU RA CO2 during the week indicates a lack of outside air and lack of
needed o0dilutiondéd, even iIif the indoor CO.

AHU 1-1 Return CO2
Week starting on: 2018-09-03

1000 -

900 4

800 +

700

CO2 Level (ppm)

600 A

Mon Tue Wed Thu Fri sat Sun
Day of the Week

Possible Fault when current daily minimum CO2 level - Previous daily minimum CO2 level > 30 ppm 67



For some Zones, the cumulative increase in  Zone CO2 during the week
i ndicates a | ack of outside air and
even if the indoor CO2 level stays less than 1000 ppm

AHU-5 FCS.TU.L1.1.10 Zone CO2
Week starting on: 2018-01-01

950 1

900 4

850 l

A

8

CO2 Level (ppm)

700 A !
650 -

600 4

550 - - . + T +
Mon Tue Wed Thu Fri Sat Sun
Day of the Week

Possible Fault if current daily minimum CO2 level - Previous daily minimum CO2 level > 30 ppm
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AHU 14 CO2 (

104 weeks of Existing AHU RA CO2 Datafor 1 AHU before Cleaning

e 2018 2019 Weekly Overlapplng Plot for AHU RA C02 ina TX bU|Id|ng
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1

3 Sensor Faults are Detected by Current GSALink Sparks @are needed
29 GSALink buildings across the nation, with a total of 588 AHUs, 2018 - 2019

" 2 3 4 T
Ul .h"[l‘h\d'_ulfﬁ i III ""‘"‘“"““W

> )
T

ﬁMiss@g() ﬁOutIie@SpikeﬁSt-ad:k‘@ AHi gh Noiseod fAAbnor mal St

AMi ssing DatigaseOnsor out of FflaSEpoglgaggr Fail ureo

10
NA or empty <300 or >2500 ppm Unchanged records
AHU RACO2: 7.0% AHU RA CO2: 9.3% AHU RA CO2: 8.6% AHU RA CO2: 0.6%
Zone CO2: 2.5% Zone CO2: 0.8% Zone CO2: 6.3% Zone CO2: 0.03%

The Value of CO2 Monitoring NAS/ GSA/CMU Workshop

AHU RACO2: 1.9%
Zone CO2: 0.13%

September 17, 2025 70



AMU_14 CO2 (ppm)

CO2 Data Uncleaned compared to Cleaned for outlier, stuck -at and noise errors

(critical KPI

2018-2019 WeeKkly Overlapping Plot for AHU RA CO2 in a TX building

week over week highligh

2018-2019 WeeKkly Overlapping Plot for AHU RA CO2 in a TX building

|

[ AMU_14 CO2 (ppm)
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Reading the Data

Distribution of Daily Peak CO2 Levels: Zone vs AHU Beturn Air
U003 o

=3 AHU RA CO2
3 Zone CO2
00025 1

CLO030

Density

0.001% 4

0.0010 4

0LO00S5

LoonE

400

Ll anp 1000

1200 1400 1'51013
CO2 Level (ppm)

1
1800 2000

2 years of cleaned daily CO2 reveal that Zone Daily Peak CO2 medians are
681 ppm while AHU RA Peak CO2 medians are 566 ppm, a delta of

23 bldg, 299 AHUs
4 bldg, 335 Zones

115 ppm.
CO2 Thresholds should be 100 -200 ppm lower for AHU CO2 sensors.
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Monthly CO2 Levels: AHU Return Air vs Zone
(Workdays BAM-6PM, 2018-2019)

1000 — —
_ 1 T L PR
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Data Wteeed for workdays (Mo AAM-6FM only

2 years of monthly Zone CO2 during occupied hours are measurably higher than
monthly AHU RA CO2, especially in Spring and Summer suggesting a need for
increasing OA levels in summer.



Two other data concerns that need JIT automated repairs: offset and drift

"Wl mﬂ T MM 5 AMM...‘}.”

“Missing” @ “Outher Spike”™ @ “Stuck-at” “High Noise™ “Abnormal Step”
“Missing Data ™ “Sensor out of Range” “Senser Failure”
NA or empiy <300 of >2500 ppm Conssoutive 10

Unchanged records

AHU RA COZ: 7.0% AHU RA CO2: 9.3% AHU RA CO2: B.6% AHU RA CO2: 0.6%  AHU RA CO2: 1.9%
Zone CO2: 2.5% Zone CO2: 0.8% Zona CO2: 6.3% Zone CO2: 0.03% Zone CO2: 0.13%

| AR .

—— e e e o o o e o o

noOffseto ADri fto

nCali brationodo | ssues
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Two other data concerns for AHU and Zone CO2 sensor data

6. Sensor offsets 1 sensors that appear to start 50-400 ppm above peer sensors in
the same building but record CO2 shifts in similar patterns to their peers

7. Sensor drift T sensors that show rising CO2 readings over a period of five years
ormore,beyond t he manuf ac tS%rigerodes5ysatsat e d

are these poorly ventilated AHU service areas or zones,

or sensor calibration issues?
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CO2 Level (ppm)

Comparing AHU RA CO2 Sensor records reveal Offsets
in 5 of the 31 AHUs in one MN building

MN Building AHU RA CO2 Sensor

| Three

: w. ¥ www%wv!“- e

A WA

The Value of CO2 Monitoring NAS/ GSA/CMU Workshop  September 17, 2025 76



WA building AHU -5 36 Zone CO2 Readings 2018-2023 Workday with Discharge Fan ON
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CO2 (ppm)

Comparing Zone CO2 Sensor records over 6 years reveals
Significant Drifts  in one WA building

£UUU
1800

1600

500 offsetsand driffts s houl d not

400 fact in order to evaluate fault correlations with CO?2.
2023 2024

2018 2019 2020 2021 2022

be O6cl eanec
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To monitor offset and drift, a Zone CO2 plot from 11pm Sunday - 3 am Monday
(end of unoccupied period) should be at the OA 420 ppm level
(or at least at 600 ppm as recommended by ASHRAE)

WA building 1 Zone CO2 Sun 11pm -3am

1 1
Year
| | ! 2018
0025 4 I I | 2019
2020
I I s 2021
2022
0.020 | ASHRAE 36 — 2023
CO2 Level Outside Alarm for _
I unoccupied Are the bi -modal peaks
Z 0015 - I pelriod per year a seasonal CO2
& | | buildup due to lower
ventilation in summer
0010 l | and lower infiltration?
| |
| |
0.00%5 A I I
| |
0.000 : I - ! - .
300 400 S00 600 00 B0O 900 1000

CO2 Levels (ppm)
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A building with serious offset and drift

PLAN,FLDURLEVE._I,COMONS—ARE&?
SCALE:

— -

s
%]

80



FCS.TU.L3.3.20 Zone CO2 Calibration

—— FCS.TU.L3.3.20 Zone CO2 - Calibrated | ) ) _
1200 1 — FCS.TU.L3.3.20 Zone CO2 Field installations of room CO2 sensors confirmed
KAl Sansor serious offsets but effective delta readings {o
support recalibration of in  -situ sensorgs
1000 A
800 -
600 -
400 A
14 15 16 17 18 19 20 21
Mar
2025
Timestamp
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For the WA building, Zone CO2 sensors were calibrated in July 2024

Field installations of room CO2 sensors
confirmed serious offsets that led to the
recalibration or replacement of sensors

" | | !l | (alternative would be
1YY M d 1wy automated software cleaning)
it f FRNYTHNY S

3

1l |
| L
' ‘ l’ | &“ i ’ R L. ..._,‘.xu'l{-'."l".\‘-.;k’shu\}|" L" ‘«'}\‘ ! } \'-.u f "‘ ”) '\ &HN LA ‘J]\ “ | 1
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CO2 Level (ppm)

Time Series Plot of an AHU RA CO2 in CA Building

2000

1500

This CA building saw a significant correction in RA
CO2 readings either through actions taken for
increasing OA, or sensor calibration/ replacement.

For sensors that have not been calibrated, RA CO2

me dri fts and offsets shoul d
o fact in order to evaluate fault correlations with CO?2.
SO0
me
[i]
Janm 2018 Apr 2018 Jul 2018 Ot 2018 Jan 2019 Aps 2019 Il 2015 et 2019 Jan 2020
rgr,‘.rlu._ R Py - i M J

not
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DRIFTS: consecutive increases were observed in the Daily Minimum readings of
one buildingds zone CO2 sensors from 2018 to
Implement AST M standard recommending action to calibrate with ABC and create a Fault.

J\‘AN\-/""‘JM

WL - : A A

Ly

ASTM D6245 2024 ‘ iM i’N-N“‘"‘" g uw 'uW""" " st
Standard Guide on the » - - - .

Relationship of Indoor . e .
Carbon Dioxide = ’ >

i : ‘ : 4 :
Concentrations to 2 AL ,”._,wm-/ L M : Wi ‘yW.-J ~ A ,vv“-/‘
Indoor Air Quality and : WA ‘, N = _‘W*— . :
Ventilation K / ' : ’ '
oW The top -left is AHU -5 RA CO2, while all the others are Zone CO2 sensors.
P

.‘WM The red line marks the outdoor CO2 level at 420 ppm. ”



ASHRAE Guideline 36
High -Performance Sequences of Operation for HVAC Systems - Zone CO2

Future fault/alert/spark: CO2 sensor offset or drift calibration is urgent

5.2.2.3(a) There shall be 4 levels of alarm
If the CO2 concentration is less than 300 ppm, or the Level 1: Life-safety message
zone is in Unoccupied Mode for more than 2 hours b. Level 2: Critical equipment message
and zone CO2 concentration exceeds 600 ppm
generate a Level 3 alarm . The alarm text shall identify
the sensor and indicate that it may be out of calibration.

o

Level 3: Urgent message

d. Level 4: Normal message
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CO: (ppm)

Zone CO2 Sensor records reveal Drifts in one OH building

|
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CO2 (ppm)

OH building Daily Minimum CO2 for VAV 2931 Zone CO2

1000

900 4

800 4

700 4

600

500 4

400 A

Using

O ASHRAE ni
either drift or offset during unoccupied hours (after 8 pm) in the existing data set was:

AHU RA CO2:

AHUSs
Zone CO2:
Zones

ghtti me Calibration Al ar mod

~ 16 Days per year per AHU - alarm would be triggered in 67%

~ 29 Days per year per zone - alarm would be triggered in 93%

Actual drift 35%

Manufacturer expected drift 5% —

t hreshol ds

6 years of data from zone CO2 and AHU RA CO2
sensors would help to solidify Drift recommendations

300
’L“@

'L“""*q

1“1{}
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Self-Calibrating CO FSensors Use Automatic Baseline Correction (ABC)

Original CO2 Sensor Readings

Ongmal Readings
1100 Owrdoce Reference (420 ppm)
1000 |
Pl | ' |
P |

J 'l \

g i ! LAESET L ' % ) I
Eooo« o i \ . " l'~
%00
Y I T I —— e e
300
“ " cenens USiNg @an 8 -day rolling window to reset the minimum CO ~ Freadings
1100 Outdooe Reference (420 ppm)
1000
i
.
-]
S
i
g




€02 (ppen)

Without Calibrated CO2 Sensors,
the CO2 sensor Drift and Offset must be fixed before Zone ACH estimation

ACH Distribution Comparison

ACH Calculated based on CO2 Decay Period
.‘ -
Sy CO2 Decay Curves - Original vs ABC Corrected
Orgnal ()
Corrected (1) -'f
1600 E 3 e
5 Median 0.88 ACH
1400 T
1200 E 21
2 .
1000 Z Median 0.16 ACH
X S, (W]
% ‘<J$-, =
0 RS “1
00 ‘\ '
400 0
6’§ 0°° \"e \’é) \‘\00 ‘\er
Time of Day

original ABC Corrected
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Without Calibrated CO2 Sensors,

Calculated based on daily Zone CO2 peaks

Daily CO2 Patterns: Original vs ABC Corrected

Original CO2 Data
(Weekdays 08:00-17:00)

ABC Corrected CO2 Data
(Weekdays 08:00-17:00)

the CO2 sensor Drift and Offset must be fixed
before estimating Ventilation Rate per Person

Ventilation Rate per Person Distribution

Zore CO2 (ppm)

~~ Baselne (420 ppm)

Zone CO2 (ppm)

g

-~ Baseline (420 ppm)

entilation Pate per Perton (Lis per person)

Median 7.6 L/s/person

Median 15.78 L/s/person]

A B
Time of Day

Time of Day

T
Original

ABC Coerected
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The Federal CO2 Database - an Invaluable Resource
with personal thanks to the GSA HPB and GSALInk Teams

Actions and KPI 06s

Sustain and expand continuous CO2 Monitoring at every AHU.

Invest in CO2 sensors at the Zone level with every thermostat update;
pl us | abel each Zonebs associated AHU +

Clean data of spikes, stuck -at, and high -noise data before any analysis

Regularly calibrate CO2 sensors or apply ABC to minimize drift and
offset.

Report each sensors Fault and Calibration Alerts (# and duration per
year)



Federal Data Bases on Energy , CO,, BAS

16.

Should national standards for BAS and
Energy time series data repositories be set
with universally automated data cleaning approaches
across vendors?



The IAQ Moonshot
A conversation with |AQ thought -leaders

L »
\

.

/

Bill Bahnfleth, PE, PhD  Seema Bhangar, PhD Jessica Green, PhD Georgia Lagoudas, PhD Cameron Oskvig
t NSaARSYy(Qa IPR@gaatedlBy Program Manager Senior Fellow, School of Director, BICE
Committee Communities ARPAH BREATHE Public Health Program Manager, HIBR
ASHRAE USGBC HHS Brown University NASEM



The Federal CO2 Database is an Invaluable Resource

Building on the success of
ASHRAEGs Gl obal Ther
Data Base, Commercial Building

Energy, CO2, BAS and Fault Data

should be an open data resource

for industry, practice and

education to strategically identify

and improve the quality of

Morthly mesn oiice \emperstrs ['C)

Global Comfort Data Visualization Tools
Interactive thermol comfort toofs for data visualization and query building b U| Idl n gs and bu | |d | ng Opel’atl on.




Faults Matter!

Searching for AHU and Zone Faults/Alerts/Sparks driving CO2

a & w0 N =

with time series Sparks and BAS Data

Fault Impact Analysis of the CO2 Database

Data Analytics - AHU Faults that Matter to CO2

Data Analytics - Terminal Unit Faults that Matter to CO2
Missing Faults for CO2 and IAQ

Group Engagement & Discussions



Identifying Faults/ Alerts/ Sparks that Matter to IAQ

) o e G

N

Ty

B

b

|8
‘,;é' g
< A"

-
( OA cfm j (OA temp RHIentha!pg [MA temp Ere-ﬁlter Pg E:inal-ﬁlter Pla E’reheat coil Tema Eooing Coil Tema
S
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Damper related faults

identified from three vendors

Vendors Stated Impact
Component
categories Name of faults Skyspark| Jonson (Automatic| Thermal | Energy | Equipment IAO?
¥yip Controls Logic comfort savings |maintenance] Q :
AHU
Damper AHU Damper Unstable v v v v
AHU Cutdoor Damper
Stuck cloged v v ¥ W
AHU Ouidoor Damper
Stuck Open v v v v
04 Damper v v
AHU Outside . Sluck Fulr: Opan
Dam utside and Return Alr
Alr per Dampers Both Open at W W
High
Economy Damper Enabled
while Fan is Off L) v
Qi Damper Falled to Fully
apen W v
Terminal Unit Damper
Stuck closed v v v v
Terminal Unit Damper y " y y
Terminal Unit Stuck opan
Damper |,y Box Damper Leakage v v
WAV Box Damper Cydling W W
GSA Link amplifies the importance of action with $ s-Cost e-Cost m-Cost s-Cost
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Airflow related faults

identified from three vendors

o Companies Stated Impact
omponent
categories MName of faults Skyspark Johnson |Automatic] Thermal | Energy | Equipment IAQ?
ysp Confrols | Logic comfort savings |maintenance ’
AHU Outside Airflow Too 4 v v v
AHU Qutside Lo
Airflow AHU Outside Aiflow =
Unstabbe v v W L
AHU
AHU Supply Air Flow Less
Discharge Than Set Value v v
Alrflow
High Retum Alrflow W
AHU Return . v
Alrflow Low Return Alrflow 'l v W v
Tarminal Linit Airflow v v " v
Setpoint Unreachable
Tesrrninal Linit Adrflow
Unstable v v W ¥
VAN Low Su Ar Flow v v
Terminal Unit ool
Ajrflow
VAV High Supply Alr Flow v
High Alrflow v v
Low Alrflow v v
Sensor Failure v W
Alirflow
Sensor Sensor Out of Range v W
Alrflow Sensor Failure v W
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Fan related faults

identified from three vendors

o Vendors Stated Impact
omponent
categories Name of faukts Skvspark Johnson |Automatic] Thermal Energy | Egquipment IAQ?
Ysp Controls | Logic comfort savings |maintenance|
AHU Discharge fan
failure v v v v
AHU Discharge fan
unstable v v v v
AHU Excessive
Discharge discharge fan speed v v v v
Fan
AHU Status and v v
Command Mismatch
Supply Fan in Hand v v
Supply Fan Failure W v v W
Return Fan Failure v v v v
Ret E AHLU Excessive Return W ] ]
urn Fan Fan
Return Fan in Hand W ]
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Pressure related faults

identified from three vendors

c Vendors Stated Impact
omponant
categories Name of faults Skyspark Johnson [Automatic] Thermal Energy | Equipment 5
¥e Ceontrols | Logic comfort savings |maintenance| IAQ"
AHU Discharge Pressure ¥ v J v
Setpoint Unreachable
AHU Discharge Pressure
Unstable v v v v
Discharge Low Static Pressura T W
Duct Static
Pressure High Static Pressure W o
Low Supply Alr
Static Pressure v v v v
High Supply Air Static y v
Pressura
Zone Zone Pressure " ¥ . v
Pressure Satpoint Unreachable
Filter Filter Pressure v v
Pressure Unexpected Value
Sensor Failure
Pressure I v v
) Sensor Out of Range ] o
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CO2 & IAQ sensor related faults

identified from three vendors

Component
categories

Name of faults

Vendors

Stated Impact

Skyspark

Johnson
Controls

Automatic
Logic

Indoor Air
Quality

Equipment
maintenance

AHU Return
Ajr CO2

Poor Indoor Air Quality

W

,.I

C02 Rises During
Economy Cycle

High Return Air
Carbon Dicoade

Zone CO2

Zone COZ is High

High Zone Carbon Dioxide

CO2 Sensor

Sensor Failure

Sensor Out of Range:

AHU CO2 Sansor Faulty

Retum Alr Carbon Dioxide
Sensor Error

Zone Sensor
Carbon Dioxide Failura

Zone VOC

High Zone Volatile Organic
Compound (VOC)

VOC Sensor

Zone Sensor Volalle
Organic Compound (WOC)

Failure
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How to Extract Fault Impacts on CO Ffrom 89 Million Data Rows and 60 Fault
Types?

e
.........
e

(rowmrises) (smrone)
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+ Time

&

| 3

Occupancy Hardware ’J'
Service Area !
]
b

~N VS
—

CO2 will be influenced by faults as well as occupancy, service area,
hardware types and control logic, requiring detailed BAS data.
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# Timig

0Doubl e MLO was used to Extract the Faul
Zone CO2 while eliminating the impact of other factors

Chemozhukov, V., Chetverikov, D., Demirer, M., Duflo, E., Hansen, C., Newey, W., & Robins, J. (2018). Double/debiased machine learning for treatment and structural parameters. 104



Machine Learning needs to accommodate time dependencies to identify
faults that cause the greatest CO2 increases at the AHU and Zone level

Real Occupancy
is unavailable
requiring building
and AHU ID plus
previous CO2 at
each time step and
time of day as a
substitute.

Fault_t, Fault_t -1, CO2_t-1->CO2_t

CO2 Level at t1

COZ Level att2

CO2 Level att3

|

COZ2 Level at t4
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Faults Matter

17.

Which 1 of the following HVAC faults /sparks /alerts
do you think have
the biggest negative impact on indoor CO  ,?



AHU Fault Correlations with AHU RA CO2 across 23 buildings, 299 AHUs

2018 + 2019, 5 minute interval CO2 plus Faults

AHU Discharge Fan Falure - | ...
AHU Cooling Viive Leaking - b
AU Dampes Unsiable - Ovtsice Damper - Linked Faults .
AHU Cooting & Heating Semutansously - —— 2
AHU Discharge Prassure Setpoint Unreachatie (Low) - -2,
AHU Discharge Temperature Setpoint Unreachabie (Low) ~ L
AHU Excessive Discharge Fan Speed - A,
AHU Discharge Tomg Setpoint Unveachable (Hgh) - | A8
AHU Cooling Vaive Unstable - A
AMU Discharge Fan Unstable ~ |
AHU Damper Unstabie - Lo
AHU Hoating Vaive Unstable - 2
- AU Coolng Fadure - ;:
E AHU Damper Unstable - Exhsust Damper - 208 1
. AHU Heatrg Fadure - =0
AHU Outside Damper Stuck Open - b 4§ |
AHU Discharge Temperature Unstable - 20
AHU Damper Unstabie - Retum Damper - A
AHU Discharge Pressure Sefpont | {Hgh) - 2% I
AHLU Discharge Pressure Unstable - 42
AMU Damper Unstable - Minimum Outside Damper - _
AHU Heating Vave Leaking - $o: I
AHU Outside Damper Sauck Closed - . I
AHU Economizing & Heating Senitansously - 2% I
AHU Economizing & Cooling Simultaneously - ‘I'Ng— * esiins manpe fe (reank)
AHU Excessive Retum Fan Speed - 339 Insufficient data points

1
L
O -

-3 -2 1 2

;
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The highest i1 mpact Spark (Fault/ Alert) on /
or the correlated ADischarge Pressure S

0Di scharge Fand i s ON, lowebDthan setpaint @ @2 ifMH2Cefear30mine 6 1 s

[ Discharge Fan ] [Static PressureJ

Action. Ampl i fy this Fault: the 6sCostdé of AHU %d S
significantly increased to reflect impacts on ventilation/ CO2 levels.



CO2 (ppm)

A Florida AHU _08S RA C0O2 and AHU Discharge Fan Failure Spark on/off

1400

08
1200

1000
800 04
600
0.2
400
M 0
May 14 May 15 May 16 May 17 May 18 May 19 May 20
2018
Time

Active Discharge Fan Failure Sparks (redline) resulted in higher
AHU RA CO2 (blue line) during occupied periods

Fan Failure (Status)

—— 02
~— AHU Discharge Fan Failure
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Fault

AHU Cooling Valve Leaking Fault Correlation with  AHU RA CO2
across 23 buildings, 299 AHUs, 2018 + 2019, 5 minute interval CO2 plus Faults

AHU Fan Fadure -
[ congvae Lok ] 2 thermal control overrides 1AQ "
AHU Cocling & Hiating Semuaneously - i
AHU Discharge Pressuse Setpoint Unceachabie (Low) - v
AHU Dascharge Temperature Setpoint Unrsachabie (Low) « -3-"‘-?.
AHU Excessive Discharge Fan Speed - lﬂ&
AHU Discharge Tomg Setpoint Unveachable (Hgh) - | A8
AHU Cooiing Vaive Unstable - I &2
AMU Discharge Fan Unstable - [ %3
AHU Damper Unstabie - | 3
AHU Hoating Vaive Unstable - 2
AHU Coolng Faiure - 5
AHU Damper Unstable - Exhsust Damper - =i
AHU Heatng Fadure - 20
AHU Outside Damper Stuck Open - b |
AHU Discharge Teenperature Unstable - 220
AMU Darnper Unstabie - Retum Damper - 2 Il
AHU Discharge Pressure Setpont | {Hgh) - 2 I
AHU Discharge Pressure Unstable - = N
AMU Damper Unstable - Minimum Outside Damper - o I
| AHU Heatng Vave Loaking { 7 ey
AHU Outsids Damper Siuck Closed - w I
AHU Economuing & Heaing Senultaneously = %z—
AHU Econcmizing & Cooing Semutaneously - ot I SR
AHU Damper Unstabie - Redef Damper - 1z I

AHU Excessive Retum Fan Speed - 3359

L

o
-
~N

-3 -2

;
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AAHU Cooling Valve Leakingo cau:¢

i Dz fon e N °
AHU Cooing Vave Leatn; [N *5:

AHU Damper Unstabie - Outside Darper - 3%

AHU Coolng & Heatg Smutaneousyy - 55

AHU Discharge Pressure Setpoint Urveachabie (Low) -Sla s derctes e e perst)

e
5|

ved is cl osedlonertth arDi &Mihxae dy eAfoAd hodr)elnepr
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Outside Damper (%)

I'N building Air Handling Unit 19 (Red highlights indicate AAHU Cooling Val\

— Oytside Damper Mixad Temperatura Discharge Temperature = = Discharge Temperature Selpoint Outside Temperature Returm Température
104 f ﬂ l_] f r !—]"]3
80 l 80
= . o ™
....... o=
\\_/-/ | |- -- S = | E
P Pyl - e T B b — e = = = = - o = = = = = = = = = = o 80
e 2
=
a0 w0 a
&
20 20
L J :
00:00 12:00 0000 12: 00 Q=00 12:00 D000
May 1, 2018 May 2, 2018 May 3, 2018 May 4, 2018

The leaking cooling valve in the AHU  (pink) causes the discharge air temperature
to drop rapidly falling below the setpoint. This is a swing season and the
cooling mode was turned off. To raise the supply air temperature, the outside air
damper closes (green), eliminating the opportunity to use cooler outdoor air for free
cooling. This reduction in fresh air intake leads to elevated return air CO Flevels.
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CBPD TECI ML study revealed fixing leaking cooling valves would also save over $5,000
per building per year in energy (ave for 47 bldgs) so a key action for IAQ and energy.

Evaluation of GSA Total Estimated Cost Impacts (TECI) of BAS System Sparks with Advanced
Meter Data Analytics, Center for Building Performance and Diagnostics, CMU 2023.

[Mixed Air Temp ] [ Cooling Valve J [Discharge Air Temp]

AmplifythisFault: t he 60sCost 6 of Cooling Valve Lea
significantly increased to reflect impacts on ventilation/ CO2 levels. 113



Fault

AHU Damper Fault Correlations with  AHU RA CO2
across 23 buildings, 299 AHUs, 2018 + 2019, 5 minute interval CO2 plus Faults

AHU Discharge Fan Faken -
AHU Coding Vabve Leaking - I 3
[ 210 Damper Unstatse - Outsice Damper - ]
AFRJ Coolng & Healrg Senutaneously - I 2
AHU Dischangs Pressure Setpoirt Usreachatio (Low) - -2,
AHU Drscharge Terperature Setport Urreachabie (Low) - =
AHU Excassive Discharge Fan Speed - 2,
AHU Discharge Temperature Sedpcint Unveachable (High) - JIARE,
AHU Cooling Vaive Unstatie - J %
AHU Discharge Fan Unstatie - R
Missing Damper Type s
AHU Heating Vave Unsistie - B2
AHU Cooling Fahurs - 5
[A+10 Damper Unstatie - Extiaust Darmper | = |
AR Heatig F ke - 20
|21 Outsice Damper Suek Open | Stuck trying to open! 2 N
| Avu Damper Urstatie - Retum Darmper | 3
AMU Discharge Pressure Sefpont Unreachabie (High) - 2
AMU Discharge Pressure Unstabie - 2% N
| A44U Dorrper Unstatie - Minimem Outsice Dampe | 2 I
AU Hoatirng Vaive Leaking - 42 I
[ A0 Outside Damper Stk Cised | Stuck trying to close! I
AU Economizing & Heating Simultaneously - ~ﬁ-’-‘u_
AMU Economizing & Cooling Simutaneously - &3 I ik sl i
[A24U Damper Unstabie - Retiet Damper | 2 I
AHU Excossve Retum Fan Speed - 23 [
3 -2 -1 0 ' 2
Causal Effect
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AHU Damper Unstable (Outside Damper - not dual)

i Dz fon e N °
AHU Cooing Vave Leatn; [N *5:

AHU Damper Unstabie - Outside Darrper - oot

AHU Coolng & Heatg Smutaneousyy - 55

AHU Discharge Pressure Setpoint Urveachabie (Low) -Sla s Gesctes e v erst)

[Outside Air Damper]

O00Outside Damperd jumped greater than 40% mor

Highlights Weakness in AHU RA CO2 Control Logic 115



Outside Damper Position in %

oUnstabl ed when OA Damper

80

20

|

ot
06:00 08:00 10:00 12:00

Aug 12, 2019
Timestamp

Control Logi c
rather than reducing it  (new algorithm needed?)

AHU 701 - Qutside Damper Position and Return CO2 Timeseries

Qutside Damper Position

|

16:00

Return CO2 = = Return CO2 S¢

1000

400

200

18:00

AHU RA CO2 in ppm

ma
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OA Damper %

Combined Controls Needed:

Both Discharge Fan Speed and OA Damper Condition are key to AHU RA CO2

AHU C-P/PS-3A Heatmap - Weekdays 8AM-5PM Only

80 4

60 4

20 1

Discharge Fan Speed %

o T v y v
0 20 40 60 80

100

RA CO: (ppm)

OA Damper %

X Air Handling Unit 08 Heatmap - Weekdays 8AM-5PM Only

80 1

60 4

204

- = v
lm =
a .’P“-. " =]
Fe "3
o - .- =n l
a

T

i

od .
- d

"m cmm -_"_#

) 60 80 100

Discharge Fan Speed %

20

RA CO: (ppm)
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Fault

AHU Faults with

positive impacts on AHU RA CO2

across 23 buildings, 299 AHUs, 2018 + 2019, 5 minute interval CO2 plus Faults

AHL) Deschange Fan Fadue -
AHL Cooling Vaive Leaking -
AHL Damper Unstabie - Qutside Damper -
AMU Cockng & Heating Smultaneously -
iU Discharge Prossuns Setpoint Unroachabie (Low) -
AHL Deschangs Temperatune Setpoint Unreachable (Low] =
AHL Extassive Deschangs Fan Speed =
AU Discharge Temperahes Sefpdin Unnedchabes (High)
AHU Cioling Vishe Uirstable -
AHU Deschargs Fan Urdtabls =
AL Dampar Unptabis -
AHL Haating Vit Uirstabls -
AHL Coodng Fadune -
AHL) Dampier Linstakie - Exhaust Dampsr -
AHL Heating Fadure -
AHU Outsice Damper Stuck Open -
AHU Deschangs Tempanshurs Unstabls -
AMU Damper Urestable - Retun Damper -
AHU Dischargs Pressure Sefpont Unreachabée (High) -
AU Discharge Prossurs Uiritabls =
A Damper Unstable - Mnimom Outssde Damper =

AL Heating Ve Lesking -

AHU Econcemizing & Heating Simuatanaously -
AHL Econsmirng & Cooling Simultanaously -

ALl Outside Darmper Sk Closed = Stuck trying to close!

AHL Darmgar Unstatla - skl Dampar -
AHU Excassive Fostum Fan Speed - 308

23
A .
ey nsffcient accurences
|

-'3 -d .'1 L] 'l

The Value of CO2 Monitoring NAS/ GSA/CMU Workshop

September 17, 2025 118



Why would a Heating Valve Leak cause reductions in AHU RA CO2?
OHeating Valved is Cl osehtghertoibams chir ged AAfori Dl @D

[Mixed Air Temp ] [ Heating Valve ] [Discharge Air Temp]
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(%)

Outside Damper

HVAC System Performance - Air Handling Unit 19 (Red highlights: Heating Valve Leaking)

— OUASIOE DEMpEr = Mixed Temgerature Discharge Temper

The leaking heating valve in the AHU  (pink) causes the discharge air temperature

2:00
19, 2018

~ -

( ) to rise above the setpoint. Itis a swing season and the cooling mode is off. Since

the outside air temperature is lower than the return air temperature, the system utilizes

outdoor air for free cooling. This increases the fresh air intake by opening the OA damper

(green), leads to lower return air CO Flevels.

(*F)

Terng
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Why would a Using Economizer plus Cooling or Heating
cause reductions in AHU RA CO2 yet trigger a fault?

* Josonbes sample e (k)

AHU Heating Valve Leaking ~ an —
AHU Outside Damper Stuck Closed - 0.73

K
AHU Economizing & Heating Simultaneously - - h —
AHU Economizing & Cooling Simultaneously - L5 _
AFU Damper Unstable - Rebief Damper - 3
AU Excessve Rt Fan Speed - <351 [ - - -
1 1 1 '
-3 -2 -1 0

Causal Effect

The Value of CO2 Monitoring NAS/ GSA/CMU Workshop  September 17, 2025 121



Control Signal (%)

Technology Demonstration of the Whole-Building Diagnostician at the Federal Aviation

Image created based on Pratt, R. G., Bauman, N. N., & Katipamula, S. (2003). New
Administration -Denver Airport (No. PNNL-14157).

{Partial}

Trigger Fault if OMini mum &Bxpanded o6 Trigger Fault if
Economizer still on Economizer Economizer Economizer still on
Mechanical Mechanical
Heating Mode Economizing cooling with cooling with
mode 100% OA Minimum OA

SAT < OAT <RAT

Min OA 30%

Outside Air Temperature 122



Opening OA dampers is good for reducing CO2
Beyond the 6dexpandedd economizing r
Heating or Cooling Simultaneously will increase energy costs.

a)

Faultis 6 Economi zing and Cool i (Faultis 6 Economi zing and Heat.i.

R e e LR

6Cooling Valved is ON and c’JOut:siédl-BeaAiirngDavrmpIevreéﬁ iiss OPNe na nodv e6rOu t ¢
30%, when O0Outside Air Tempd was30%farovere3d0min i anddé Réear ® R&twur n Air
Tempo6 by mot doravén2min3(.a0nd when ORegh&r@Return Air CO2 Setpointo).
Air CO26 is | ower than then 6Return Air CO2 Setpointd)
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Terminal Unit Fault Correlations with Zone CO2

across 4 buildings, 13 AHUSs, 295 Zones, 2018 + 2019, 5 minute interval CO2 plus Faults

Zorw COZ Sersor
& Setport
Terminal Unit Aiflow Setpoint Unreachable (Low) 1 I
Terminal Unit Heating Failure G 2
-
E Occupied Heating Setpoint Out of Range - — »
% Terminal Unit Airflow Setpoint Unreachable (High) - %2
Occupied Cooling Setpoint Outof Range - %1%, [ - Gescribes sample 20 (paxzK)
' 1 ' | ' | ' 1 '
02 00 02 04 06 08 1.0 12 14
Causal Effect
Note: the original #ATerminal Unit Airflow Setpointo

Wi S 1248 €



Terminal Unit Airflow Setpoint Unreachable (Too Low) Faults
had the most significant impact on Zone CO2 (4 buildings, 295 zones)

Note: the original
Unit Airfl ow Set poda
separated into two faults: lower i
than setpoint and higher than

setpoint.
[ Zone Discharge Airflow ]
lower than the setpoint 100 cfm for 30min
l1st ActioderbbiwadeUnit Airfl owo fault iIinto t o

Increase priority for addressing too low fault to improve IAQ.

2nd Action: Increase priority for addressing Terminal Unit Heating Failure for IAQ
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Periods of zero zone discharge airflow rates correspond with
measurably higher zone CO2 during occupied periods,
and the inability for the zone to return to baseline levels

WA building AHU-5 FCS.TU.L1.1.1 Zone CO2 and Discharge Airflow (2018-2019)

Zone CO2 (ppm)

1600

1400

1200

1000

&00

— Zone C02

Discharge Alrflaw Is discharge air flow on/off and . 2000

unable to cope with high
occupant densities?

e
(cfm)

1500

500

Discharge Airflow

|
Jan 7 Jan 10 Jan 13 Jan 16 Jan 19 Jan 22
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Why would Terminal Unit Heating Failure cause an increase in Zone CO2?

[Torminal Unit Heating Coil]

Tarminaé Unt Arfiow Setpoint Unreachabie (Low)
Termsnal U Heating Fakee I 2
Occupied Heating Seport Ot of Range - | 34
Terminal Unt Arflow Setpont Uneeachatie (Hgh) - iy

Ocougied Coolng Segort Ot of Rarge - 555 [

[ Discharge Air Temp ]

[Zone DlschweNrTm]

Fault: Heating is ON, 6Zone Discharge Air T foplthoun o't

Action: Increase sCosts for Terminal Unit Heating Failure for IAQ and Thermal Comfort

Action: Use only Zone Discharge Air temperature for identifying this Fault, not Zone Temperature.
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Faults Matter

18.

Should Faults amplify cost /benefits for
AHU Discharge Fan Failure
and
Zone Terminal Unit Airflow too low
(instead of unreachable)?



Zone CO2 (ppm)

With DCV control, Zone Discharge Airflow increases do reduce zone CO2
with a 15 -30 minute lag.
However, early shutdowns ensure that zone CO2 does not return to OA levels

WA building AHU-5 FCS.TU.L1.1.1 Zone CO2 and Discharge Airflow (2018-2019)

—— Zone CO2

—— Discharge Airflow
“ 2000

1600

1400 1500 &

=

1200 1000 <

5

1000 \ _I

| 500 9

800 -

0
12:00 0o0:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00
Nov 18, 2019 Nov 19, 2019 Nov 20, 2019 Nov 21, 2019 Nov 22, 2019
(fault?? designates | ower than Spark o6ter
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o O O D D 0 0 D D O 0 O 0 O

Zone CO2 Levels from returning to baseline

WA building AHU-5 FCS.TU.L3.3.3 Zone CO2 Weekly Plot
{starting on: 2018-12-10)

Response? Early HVAC Shutdown may prevent

Yy
Ees

800 e 0600 1800 Ty 0600 1800 gy 1800 gap

B30 e

GO0 4

g 0§ 2

(wdd) jaaa7 Z0D

11040 ~
1000

Sun

D600

0600

Man 500
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The decay period when AHU shutdown

The decay period when AHU Running



Missing Faults? At the end or beginning of each day, CO2 levels at both the AHU
and zone should return to outdoor CO2 levels to avoid IAQ buildup

CO2 Level (ppm)

i i
200 gy W00 "% gat

i
Mon W B0 e B0 yed WO B g W®

Action: Create a fault to extend OA/fan operating hours
if Zone CO2 does not return to OA level
131

or Create a KPI = Total unoccupied hours > 500 ppm at AHU and 600 ppm at Zone



Faults Matter

19.

Should guidelines promote keeping
AHU Discharge Fan running longer during occupied periods
or start -up earlier -

whenever night -time CO , lows are greater than 600 ppm,
to ensure both AHU RA CO , and Zone CO , approach OA levels
(infiltration is not enough)?



Our Conclusions: Actions for AHU and Zone Faults driving CO2

Add KPI or Fault for daytime COZ2 thresholds: AHU RA - 800 ppm, Zone - 1000 ppm
Prioritize responding to AHU Discharge Fan Failure

Prioritize responding to Zone Terminal Unit Airflow Setpoint Unreachable (too
low)

Specify fault location/type i e . g. , AAHU Damper Unstabl e«
OA/ RA/ Mi xed damper, and AUnreachabl eo Fa
below or above the thresholds

Correct mi sdefined fimfuddulst @ ocawvaodi di o |2 u |

. Add KPI or Fault for night -time AHU RA CO2 and Zone CO2 to run AHU
Discharge Fan outside occupied periods until both are at OA levels
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Economizer Matters!

Assessing Economizer Impact with Time series CO2, Sparks, BAS

Differences in economizer utilization - 17 bldgs, 179 of 325 AHUs
Equipment Type and BAS control logics

Economizer psychrometric charts

Economizer hours and setpoints impact on CO2

Baseline and expanded economizer impact on CO2

Single and dual duct OA impact on CO2

The energy and health benefits of Economizer Use

Group Engagement & Discussions



Economizer Matters

20.

What percent of large commercial buildings
do you think operate with economizer cycles?



17 Economizer Buildings Location Across the United States
with Economizer Commands/Setpoints
Orange : 7 only have on/off commands; Red: 5 only have setpoints , Green: 5 have both

Marine (C) Dry (B) Moist (A)
1 1L 1L 1
L) " L)
— Cleveland Akron
Seattle OH Building 01 OH Building
WA Bullding —z
: . Cleveland Rochester
OH Building 02 NY Building

ln&ianabolls
IN Building 01 X

Indianabollls
| INBuilding 02 |

New York
NY Building

Cincinnati
OH Building

San Francisco
CA Building

Lanham
MD Building

.\ - F /,_,J\ Warm-Humid

below white line

Denver - 4 . ) ()
co Building ‘ Albuquerque .x"‘ B 2 59 /0 Of the 29
NM Building OklahomaCity ®@ _____ \"° ildi
| 3 s building data set
All of Alaska is in Zone 7 except for AR Building 1
the following boroughs in Zone 8: 3 1 have active
Bethel, Northwest Arctic, Dellingham, economizer control
Southeast Fairbanks, Fairbanks N. Star, Zone 1includes Hawaii, .
Wade Hampton, Nome, Yukon-Koyukuk, Guam, Puerto Rico, and records in BAS!
North Slope the Virgin Islands
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ok~ WD PRE

Key Data Variables for
Evaluating Economizer Impacts on AHU RA CO2

Economizer on or off records  at any point in time (100% of 118 AHU)

Type of Economizer control: DBT, DT, E+DBT, DE and combinations (100%)
Thresholds for Economizer control, by season (100% OAT, RAT, OAE, RAE)
Discharge Fan Speeds (86%)

Single (71%) or double OA damper (29%) and Damper Positions (100%)

Drawn from GSALIink sensor data bases, Faults, and access to BAS and SOO
including CO2 data at the AHU level (61% has RA CO2, 53% have setpoints)
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Types of Economizer Control (ASHRAE 90.1)

Table 6.5.1.1.3 High-Limit Shutoff Control Settings for Air Economizers ®

Allowed Only in Climate Zone

Required High-Limit Set Points (Economizer Off when):

Control Type at Listed Set Point Equation Description
35.6% DBT Fixed dry-bulb temperature 0B. 1B, 2B, 3B, 3C, 4B, 4C, Ty = 75°F Owidoor air temperature exceeds 75°F
of 118 AHUs 5B.5C. 6B, 7.8
3A,6A Ty = T0°F Outdoor air temperature exceeds 70°F
OA, LA, 2A, 3A, 4A, Tqy = 65°F Chitdoor air temperature exceeds 65°F
3.4% DT Differential dry-bulb temperature | 0B, 1B, 2B, 3B, 3C, 4B, 4C, Toy=> Thy Ouitdoor air temperature exceeds
5A, 5B, 5C, 6A,6B,7.8 return air temperature
41.5% E+DBT Fixed enthalpy with All gy =28 Buwlb® | Outdoor air enthalpy exceeds 28 Bru/lb ® of dry
fixed dry-bulb temperature or Ty = 75°F air ® or eutdoor air temperature exceeds 75°F

Differential enthalpy with fixed All Doy = hpy Outdoor air enthalpy exceeds return air enthalpy

19.5% DE
dry-bulb temperature

or Tpny = 75°F

or oufdoor air temperature exceeds T5°F

a. Devices with selectable rather than adjustable sef points shall be capable of being set to within 2°F and 2 Btu/lb of the sef pound listed.

b. At altitudes substantially different than sea level, the fixed enthalpy limit shall be set to the enthalpy value at T5°F and 5044 rh As an example, at approximately 000 ft elevation,

the fixed enthalpy limit is approximately 30.7 Btw/lb.
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0.016
® Retum Air

—— ASHRAE Fixed DBT for 1A, 2A, 3A
-+= ASHRAE Fixed DBT for 5A, 6A

0.014 2
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0.0124 """ ASHRAE DT
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ASHRAE High -limit curves
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Bie, H., Guo, B., Li, T., & Loftness, V. (2025). A review of air-side economizers in human-centered commercial buildings: Control logic, energy savings, IAQ potential, faults, and performance 140
enhancement. Energy and Buildings, 115389.



Humidity Ratio [1buae-ib.
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Optimized high -limit curves

Through data analysis, Taylor,
Seem, and Wang et al. proposed
the optimal high-limit curves.

Among all current control methods,
DT+DE is the closest to the
simulated optimal curves

indicating that DT+DE is the best
control logic for saving the energy,
theoretically.

Bie, H., Guo, B., Li, T., & Loftness, V. (2025). A review of air-side economizers in human-centered commercial buildings: Control logic, energy savings, IAQ potential, faults, and performance 141
enhancement. Energy and Buildings, 115389.
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Economizer Savings (Wh/ft?/yr)

575 ¢

475 -

HFixed DB WO# DB WFixed Enthalpy
——{ WDift Enthalpy + DB WFixed Enthalpy + DB

EOD# Enthalpy

MDP + 0B

' 4A Baltimore

275

175

Economizer Savings (Wh/ft2/yr)
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-25

475 +

375 ¢

‘ 5A Chicago 58 Boulder

= 48 Albuquerque 4C Seattle
Figure 22: High limit control performance: Climate Zone 4.
575 + WFixed DB WO DB WFixed Enthalpy WD Enthalpy
W Diff Enthalpy + D8 NFixed Enthalpy + DB BOP + 0B

5C Vancouver

Figure 23:

High limit control performance: Climate Zone 5.

In a 2010 office simulation study,
Taylor et al identified that, when
considering sensor errors, fixed dry -
bulb economizer performs as well as
fixed enthalpy + DBT economizer for
energy savings, and maybe slightly
better due to sensor errors.

Fixed dry -bulb only needs one
temperature sensor which is much
simpler than DT, E and DE control.

Taylor, S. T., & Cheng, C. H. (2010). Why enthalpy
economi zer s AshmeJournanwsa(dll, 12-28.
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® Retum Air
=== Supply Air Line

0.0144 --- DTDE

B Low -limit Controls?
=== Seem et al.(2010)
0.012 4 — Wang et al.(2014)

- Wang et al.(2013) Wang et al. (2013) considers
variable low economizer DBT

limits to maintain indoor RH

=
=
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0.008
Hong et al.(2020), and PNNL
considering 40 or 42F economizer
low DBT limits to prevent coll
freezing

0.006 -

Humidity Ratio [1B e/ Baryar]
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Alternatively, one might use a
BAS minimum
Mixing Air Temp setpoint 40-45F
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Bie, H., Guo, B., Li, T., & Loftness, V. (2025). A review of air-side economizers in human-centered commercial buildings: Control logic, energy savings, IAQ potential, faults, and performance 143
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Average CO2 Increase in 54 AHUs from 10 Buildings by Economizer Control Logic During Actual Working Hours
Each bar indicates an AHU (The lower the better)

Fized Dry-bull (DBET)
E Differential Dry-bulb (DT)
R Fixed Enthalpy (E+DBT)
BN Differential Enthalpy (DE)
Mo Economizer

2501
200
1501

100 4

5n1 I“
NI I “

- -

=550

- - e ol B = e = = AW o = I ==X o= e e e W W e WM W N W W W
ﬂ&zu'z‘ ﬂ oow Eézzz SEE SR s RO EE S S EEEEEE S EEE5885858

Average CO2 Increase (ppm)

In the GSA Economizer data set of 54 AHU in 10 buildings, in practice,
operations correlate with lower AHU RA  CO2 increases
(is this a dry climate bias in economizer use and impact?)
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Economizer upper thresholds reveal that design engineers or building operators
typically do not reach ASHRAE recommendations
do not use economizer operationforalAHU &6s, and
predominantly chose the same setpoints across AHUs in the same building

Fixed Dry-bulb Economizer Setpoint Distribution by Climate Zone in 42 AHUs from 5 Buildings Fix;zd Enthalpy Economizer Setpoint Distribution by Climate Zone in 49 AHUs from 3 Buildings

1 [ [ ] ] 1 []
76 1 i 1 i . ° i 1

— ASHRAE: 75°F 21

S i : ; 1 30 Btu/lb : ;

- i i i i 30 WD I ]

= ] i ] i o I ]

=] 7 [ ] ] i ] = 24 4 i []

= i ] i & i El ) i i

X g0 | ASHRAE: 70°F 4 asHrag: 708 ___TOF B ASHRAE BB L ——
1 [} 1 [}

2 68°F 1 1 ] 1 §_ 27 1 : :

= 68 - ] ] ] ] = 1 ]

2 ' " " " w 26 I "

g% | ASHRAE: 65°F ! : : Ea2s : :

2 & ' i ' | ek | i

= 1 [} 1 [} [FF] 23 1 1

& 621 : ' ; ' 57 ' 22 Btu/lb '

S ' \ BO°F . B0°F | BO°F £ n : i

[T} ﬁu 1 ] ol ] - ] Wil o i []

€ ' i " i S 217 l i

g 38 ' ] i I ] 1 I 20 Btu/lb

£ H i i i 20 1 X ' st

£ 56 | 55°F | ! : 19 : :
W i i i []

Sd- i i i i 13 1 i
ac AR LT B 58 aa Al S&
(2727 AHUs, 1 Bldg)  (7/2B AHUs, 1 Bldg) (4/4 AHUs, Bldg 1) (3 AHUs, Bldg 2] (17 AHUs, 1 Bldg) (1719 AHU=S, 1 Building) (P6F43 AHU=, 1 Building) {12112 AHUs, 1 Buslding)

The remaining two buildings use differential dry-bulb or differential enthalpy for control so the

threshold is constantly shifting with the return air and the setpoints are not shown 46



Winter and Spring have the highest and most stable usage of economizer
operation, with a significant decrease in economizer utilization in Summer.

Seasonal Economizer Enabled during AHU Occupied Hours
in 118 AHUs from 14 Buildings)

nghlnghtr_-d Climate Zones
& Climate Zone 44
Climate Zone 54
1} I

Winber Spring Auturmn
Saason

Percentage of AHU Occupied Hours

Economi zer use is building specific, with C
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Weekly CO2 Variation by Four Seasons in GA Building

Georgia Building - AHU 3-4
Weekly CO2 Pattern with Seasonal Medians

— Winter Median (25 weeks)
2000 4 w— Spring Median (26 weeks)
— Summer Median (26 weeks)
— Fall Median (26 weeks)
1800 + r‘.l.‘
The decrease
600 e
utilization
g 1400
e
L
(v
1000
w p
600
Mon Tue Wed T Fri Sat Sun
Day of the Week

in economizer
n Summer

corresponds to measurably
higher AHU RA CO2 medians
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Economizer psychrometric charts reveal possible improvements to AHU control logic(s)
In each building under the same OA conditonsAHUG s wer e run |
between 2% - 97% of AHU operating hours

| Workgyy Mours: 10.542 - | PP, Workay Mours: 6,723
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Povcontage of AHL Ocouphed Hows (%)

z

&

=

An Economizer Percent Operating Hours KPI could be defined by 3 variables:
Economizer ON, Outside Air Damper (OAD) position exceeds the Minimum setting,
and the Discharge Fan Status was ON

TRUE Economizer Utilization in AHU Occupied Hours (Ordered Highest to Lowest)

75% of occupied hours

Each bar indicates an AHU

Chrnate Zone
1 GZaA

AHU in Buildings

\ 4

20% of occupied hours in the same climate and even building
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Economizer Matters

9b.

Do you think that
Economizer (Free Cooling) operation
will improve IAQ (as well as save energy)?



There is significant reductionin  daily maximum CO2 and average AHU RA CO2 levels when the
Economizer is on, as shown for this well ventilated California Building (single damper)

Return Air Maximum Daily CO2 Distribution by Economizer Statusin 2018+2019
CA Building AHU -20E-1&2 07:00 to 17:15 Actual Weekday Working Time

Return Air Average Daily CO2 Distribution by Economizer Status in 2018+2019
CA Building AHU -20E-1&2 07:00 to 17:15 Actual Weekday Working Time
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