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Mi iMission:
The Mission of the Joint Committee on Energy
and Environmental Policy is to promote
responsible environmental policy in the State of
California and encourage efficient HVAC market
t f ti th h ll b ti ithtransformation through collaboration with
industry stakeholders and regulatory agencies.
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Erik S Emblem

Current Positions:
•Executive Administrator Joint Committee on Energy and Environmental Policy
•Executive Administrator Western States Council of Sheet Metal Workers
•IAPMO Green TC Member

Past Positions
•Executive Director or National Energy Management Institute 
•Administrator of Testing Adjusting and Balancing Bureau
•Business Manager Sheet Metal Workers LU 49
•Journeyman Sheet Metal Worker

Why Should IAPMO’s Green Plumbing and 
Mechanical Code Supplement Have 

Requirements for Testing HVAC Ducts?
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IAPMO Green Code Supplement  
The Green Sustainable Code for It’s Sister 

Uniform Codes
“A Stretch Code”

Rational for the Proposal:

•Numerous Studies Show Excessive Duct Leakage  in HVAC Systems
•Studies Show Testing and Sealing Ducts Saves Energy and Carbon
•Technology and Standards Exist Within the Industry to Perform 
Tests
C lif i  Al d  R i  T i  f D   S•California Already Requires Testing of Duct  Systems
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Studies:

•Wray & Delp - 2003 – Duct System Performance Large Buildings

•Delp & Matson – 2000 – Duct System Performance Light Commercial Buildings

•Diamond & Wray – 2003 – Thermal Distributions in Commercial Buildingsy g

C t Eff ti  T t P d  E i tCost Effective Test Procedures Exist

• Associated Air Balance Council

•AABC 

•Sheet Metal and Air Conditioning Contractors National 

Association

•SMACNA
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AABCAABC

•Adaptable for Various Test Situations

•Design Engineer Designation

•Cost Effective on Low Pressure Systems

•Richardson ASHRAE 2012

•Referenced in ASHRAE 90.1

SMACNA

•Recognized for High Pressure Duct Testing

•Adaptable to Medium/Low Pressure Duct

•Referenced in ASHRAE 90.1Referenced in ASHRAE 90.1
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California Title 24 – Building Energy Efficiency 
Standards Require Duct Testing

•2008 Section 144 (k)

•Residential – 3rd Party Verification RequiredResidential  3 Party Verification Required

•Small Commercial – 3rd Party Verification Required

Conclusion:

• Duct leakage considerably increases fan energy

• Leakage is severe in low pressure duct systems

• Testing ducts is cost effective

• A Code Requirement that requires testing of all duct 

systems in necessary and responsible
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Raising the 
standards to 
support green 
policy: 

By Dave Dias 

Duct 
Testing 

below 3” 
w.g. 
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The issue…
Currently, standards on leakage testing reflect 
that of negligence towards progression and 
optimum energy efficiency. 
According to the BSR/SMACNA 016-201x, HVAC Air 
Duct Leakage Test Manual (2nd Edition - March 
2011), Section 2.1, demonstrates this laxity: WHEN
proper methods of assembly and sealing are used 
leakage testing can be a major redundant 
expense that is unnecessary. Visual inspection for 
application of such proper methods will ordinarily 
suffice for verification of reasonably tight 
construction. 
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Some would say regarding 
duct testing under 3 in w.g…

http://www.sheetmetalpartners.org/files/HVACDuctLeakage-Firestopping%5B1%5D.pdf
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The FACTS
In the next section, I will show you fallacies 
within the current standard: HVAC Air Duct 
Leakage Test Manual (2nd Edition - March 
2011) , and why it is important to duct test 
below 3 in. w.g. 
This next portion was brought to our attention 
by scientist Craig P. Wray of the Lawrence 
Berkeley Hall National Laboratory. He has 
done many empirical studies regarding this 
issue, and the critiques are pointed out as 
follows.  
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Section 1.3
SMACNA Standard

“When deciding 
which portions of 
the system to test 
the designer should 
consider the 
potential gains. 
Testing does not 
reduce duct air 
leakage.” 

Position
What we need to know is: at 
what point does leakage 
affect fan power and 
therefore carbon impacts 
significantly enough to make 
testing and sealing “cost 
effective?” Dollars are not 
the only issue these days, 
and carbon impacts must be 
taken into consideration. 
Airtightness data alone 
cannot get us there, except 
when the data accurately 
indicate the system is tight 
(and then we don’t need to 
worry about the leakage 
impacts on fan power). We 
are not there yet – many 
systems in existing buildings 
are likely too leaky. 

Review of BSR/SMACNA 016-201x, HVAC Air Duct Leakage Test Manual (2nd Edition - March 2011) Opposition by Craig P. Wray, Lawrence Berkeley National Laboratory, 14 June 2011 
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Section 1.1
SMACNA Standard
“Because system air 
leakage is the 
combination of duct, 
equipment, and 
accessory air 
leakage, it is usually 
impractical or 
impossible to test the 
entire system as a 
whole.” 

Position
Except for surfaces of ceiling 
return plenums adjacent to 
conditioned spaces, all parts of 
the air-handling system need to 
be tested. If a component is 
pressurized or depressurized, 
and there is a hole in the 
component, there will be a 
leakage flow – the purpose of 
the test is to verify that the 
leakage flow as seen by the fan 
is below a threshold. The 
threshold needs to be set based 
on energy and carbon emission 
reduction targets (and not 
based on duct shape or surface 
area), taking into account 
economic constraints on a life-
cycle cost basis.

Review of BSR/SMACNA 016-201x, HVAC Air Duct Leakage Test Manual (2nd Edition - March 2011) Opposition by Craig P. Wray, Lawrence Berkeley National Laboratory, 14 June 2011 
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Section 1.1
SMACNA Standard

“In most cases, it is 
not practical to 
seal these 
components ‘air 
tight’ since they 
must be accessible 
for the service and 
field adjustment.”

Position
The need for 
accessibility is not a 
sufficient rationale for 
allowing leaky 
equipment. 
Most of the 
components that they 
need to access aren’t 
in the airstream, and 
there is no reason not 
to seal them “air tight.” 
Water pipe example 

Review of BSR/SMACNA 016-201x, HVAC Air Duct Leakage Test Manual (2nd Edition - March 2011) Opposition by Craig P. Wray, Lawrence Berkeley National Laboratory, 14 June 2011 
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Debunking the “Not Cost 
Effective” Myth

Based on the analyses of 54 simulations of a low-pressure terminal-reheat 
variable-air-volume HVAC system with six system leakage configurations in 
nine prototypical large office buildings, the increase in annual fan energy is 
estimated to be 40 to 50% for a system with a total leakage of 19% at design 
conditions compared to a tight system with 5% leakage. Annual cooling plant 
energy also increases by about 7 to 10%, but reheat energy decreases (about 
3 to 10%). 
In combination, the increase in total annual HVAC site energy is 2 to 14%. The 
total HVAC site energy use includes supply and return fan electricity 
consumption, chiller and cooling tower electricity consumption, boiler 
electricity consumption, and boiler natural gas consumption. Using year 2000 
average commercial sector energy prices for California ($0.0986/kWh and 
$7.71/Million Btu), the energy increases result in 9 to 18% ($7,400 to $9,500) 
increases in HVAC system annual operating costs. Normalized by duct surface 
area, the increases in annual operating costs are 0.14 to 0.18 $/ft2. Using a 
suggested one-time duct sealing cost of $0.20 per square foot of duct surface 
area, these results indicate that sealing leaky ducts in VAV systems has a 
simple payback period of about 1.3 years. 

Review of BSR/SMACNA 016-201x, HVAC Air Duct Leakage Test Manual (2nd Edition - March 2011) Opposition by Craig P. Wray, Lawrence Berkeley National Laboratory, 14 June 2011 

1/18/2012 15 of 288



ASHRAE’s new policy
ASHRAE technical committees are  
working on developing design standards 
that will decrease fan speed, which will 
ultimately push design of duct systems to 
be under 3 in w.g. 
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Conclusion
Duct leakage considerably increases fan 
energy
Leakage is severe in low pressure duct 
systems
Testing ducts is cost effective
A Code Requirement that requires testing 
of all duct systems in necessary and 
responsible
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703.4.4.2.2 Duct Leakage Tests. Ductwork that is designed to operate at static pressures in excess 
of 3 inches Water Column (0.75 kPa)  and all ductwork located outdoors shall be leak-tested 
according to in SMACNA HVAC Air Duct Leakage Test Manual. Representative sections totaling no 
less than 25 percent of the total installed duct area for the designated pressure class shall be tested. All 
sections shall be selected by the building owner or the designated representative of the 
building owner. Postive pressure leakage testing is acceptable for negative pressure 
ductwork. Duct systems with pressure ratings in excess of 3 inches Water Column (0.75 kPa) 
shall be identified on the drawings. The maximum permitted duct leakage shall be: 
Lmax = CLP 0.

65  (Equation 703.4.4.2.2) 
 
Where: 
Lmax = maximum permitted leakage in (ft3/min)/100 square feet (0.05 L/s/m2) duct surface area; 
CL = 4, duct leakage class, (ft3/min)/100 square feet (0.05 L/s/m2) duct surface area at 1 inch 
Water Column (0.24 kPa). 
six for rectangular sheet metal, rectangular fibrous, and round flexible ducts 
three for round/flat oval sheet metal or fibrous glass ducts 
P = test pressure, which shall be equal to the design duct pressure class rating in inch water column 
(0.24 kPa) [based on ASHRAE 90.1:6.4.4.2.2] 
 

703.4.4.2.2.1 Duct Leakage Tests for Systems with Less than 3 inches Water 
Column.  
Ductwork that is designed to operate at static pressures  less than 3 inches Water Column (0.75 
kPa)  located outdoors and within unconditioned space shall be leak-tested according to the testing 
procedures contained in SMACNA HVAC Air Duct Leakage Test Manual. Postive pressure 
leakage testing is acceptable for negative pressure ductwork. 
 

DEFINITION:  UNCONDITIONED SPACE 
 
Any space contained within a building envelope that is not utilized for determining proper heating and air-
conditioning system size design. (i.e. attic return plenum, chases, ceiling cavities, attics, crawl space, wall 
cavities, interstitial/between floor cavities, etc…)  or 
“ ductwork is outside the conditioned space if you cannot see both the ductwork and the grilles/diffusers 
connected to that ductwork" 
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demand of no more than 30 percent of design wattage at 50 percent of design water flow. The pumps shall be 
controlled as a function of required differential pressure.  

B. Pressure Sensor Location and Setpoint.   

i. For systems without direct digital control of individual coils reporting to the central control panel, 
differential pressure shall be measured at or near the most remote heat exchanger or the heat exchanger 
requiring the greatest differential pressure. 

ii. For systems with direct digital control of individual coils with central control panel, the static pressure 
set point shall be reset based on the valve requiring the most pressure, and the setpoint shall be no less 
than  80 percent open.  The pressure sensor(s) may be mounted anywhere. 

EXCEPTION 1 to Section 144(j)6: Heating hot water systems. 

EXCEPTION 2 to Section 144(j)6: Condenser water systems serving only water-cooled chillers. 

7.  Hydronic Heat Pump (WLHP) Controls. Hydronic heat pumps connected to a common heat pump water loop with 
central devices for heat rejection and heat addition shall have controls that are capable of providing a heat pump water 
supply temperature dead band of at least 20°F between initiation of heat rejection and heat addition by the central 
devices. 

EXCEPTION to Section 144(j)7: Where a system loop temperature optimization controller is used to determine the 
most efficient operating temperature based on real-time conditions of demand and capacity, dead bands of less than 
20°F shall be allowed.  

(k) Air Distribution System Duct Leakage Sealing. All duct systems shall be sealed to a leakage rate not to exceed 6 
percent of the fan flow if the duct system: 

1. Is connected to a constant volume, single zone, air conditioners, heat pumps or furnaces; and  

2.  Serving less than 5,000 square feet of floor area; and  

3.  Having more than 25 percent duct surface area located in one or more of the following spaces: 

A. Outdoors; or 

B. In a space directly under a roof where the U-factor of the roof is greater than the U-factor of the ceiling; or 

EXCEPTION to Section 144(k)3B:  Where the roof meets the requirements of Section 143(a)1C. 

C. In a space directly under a roof with fixed vents or openings to the outside or unconditioned spaces; or 

D. In an unconditioned crawlspace; or  

E. In other unconditioned spaces.  

The leakage rate shall be confirmed through field verification and diagnostic testing, in accordance with procedures set 
forth in the Reference Nonresidential Appendix NA1. 

(l) Variable air volume control for single zone systems.  Effective January 1, 2012 all unitary air conditioning 
equipment and air-handling units with mechanical cooling capacity at ARI conditions greater than or equal to 110,000 
Btu/hr that serve single zones shall be designed for variable supply air volume with their supply fans controlled by 
two-speed motors, variable speed drives, or equipment that has been demonstrated to the Executive Director to use no 
more energy. The supply fan controls shall modulate down to a minimum of 2/3 of the full fan speed or lower at low 
cooling demand. 
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COMMENTS 
1. Section 1.1: 

 

A reference to the “research” is needed. A distinction is also needed to indicate that actual 
leakage depends on the operating pressure at each leak and not on leakage test pressure. Other 
metrics for describing leakage are also valid, such as leakage as a percentage of a specified fan 
flow (Diamond et al. 2003). Finally, the actual construction methods used may not necessarily 
comply with the ANSI/SMACNA HVAC Duct Construction Standards, which is one reason why 
testing is needed. 

2. Section 1.1: 

 

It is unclear what “air tight” means: quantification is needed with rationale. Also, the need for 
accessibility is not a sufficient rationale for allowing leaky equipment. 

For new construction, manufacturers should provide certified airtight equipment. However, the 
equipment must actually be airtight: 14 cfm (4+6+4) of leakage at 0.5 in.w.c. for a nominal 150 
cfm box inlet flow with an electric heater and a multiple outlet plenum, as described in the 
current proposed ASHRAE Standard 90.1 addendum related to VAV boxes, is definitely NOT 
airtight. Even if the rest of the air-handling system is airtight, leaky VAV boxes will result in a 
leakier system that uses much more energy than it should. In particular, because the 
relationship between fan power and airflow is somewhere between a quadratic and cubic 
function depending on the system characteristics, an increase in airflow to provide the desired 
service and compensate for system leakage means that fan power increases significantly, with a 
large fraction used just to move the leaking air. For VAV supply fans, applying an exponent of 
about 2.4 to the ratio of flow with leakage to flow with minimal leakage provides a rough 
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approximation of the fan power ratio. A cubic exponent should not be used in this case because 
the fan pressure rise versus flow curve is not simply dP=f(Q^2) for most VAV systems (due to 
non-zero duct static pressure control and the presence of linear-like flow elements such as a 
filters and coils) (Wray 2003, Sherman and Wray 2010) 

The following example provides a simplistic first-order analysis to explain why 14 cfm leaking 
from the 150 cfm box described above is a problem. Assume as a baseline that a hypothetical 
“airtight” VAV system delivers 150 cfm to a conditioned space and has equal component leakage 
fractions (1.67%) for the box and for each of the two system sections upstream and downstream 
of the box, with the leakage fraction referenced to component inlet flow. In this case, the box 
inlet flow would need to be about 155 cfm [=150/(1-0.0167)/(1-0.0167)], the box would leak 
about 3 cfm, the system would leak about 8 cfm (about 5% including the box), and the fan 
would need to supply about 158 cfm [=155/(1-0.0167) = 150/(1-0.0167)^3]. With 14 cfm of box 
leakage instead and the system still delivering 150 cfm to the conditioned space (to maintain the 
same space temperature conditions), the system would leak about 19 cfm (about 11% including 
the box), and the fan would need to supply about 169 cfm. Supply fan power would increase by 
roughly 19% [based on (169/158)^2.4]. 

To quantify box leakage impacts for actual systems and to determine acceptable leakage rates 
for the boxes, it’s unclear whether any one has carried out simple calculations such as the one 
above, detailed energy simulations with appropriate models that account for system 
interactions, or related field experiments. In particular, as far as I know, only the current version 
of EnergyPlus with its VAV system leakage model and fan/system-curve component models has 
the capability to do the detailed analyses, and that version only became available in October 
2010 (DOE 2010). 

Furthermore, at least for small boxes, it’s also unclear whether existing boxes leak a lot more 
than 14 cfm. If they don’t, then allowing leakier boxes to be used would make matters worse – 
not better. To address this issue, information is needed to characterize what is actually installed: 
i.e., independent leakage test data not provided by manufacturers and a summary of how many 
of each size box are used. More broadly, a research project is needed to characterize air-
handling system component leakage (as installed in buildings) and the benefits/costs of reducing 
it, and to recommend achievable leakage rates that minimize life-cycle-costs and carbon 
impacts. 

Some folks have suggested that the markets should be allowed to take care of component 
leakage problems, such as for VAV boxes. However, if such an approach worked, we already 
would have tight systems. A possible step to achieving airtight systems is for designers and 
contractors to insist that manufacturers provide certified low leakage components. Hopefully, 
manufacturers would respond to such requests. This change may happen if system total leakage 
is limited to the range of 2 to 4% and if system-wide testing were to become a requirement (at 
least until airtight components become widely available and are properly installed on a regular 
basis). The 2 to 4% range assumes system flows are 2 to 5 cfm/ft2 of duct surface area, and that 
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Class A sealing techniques are used to produce a leakage class of 4 cfm/(in.w.c.)^0.65 per 100 ft2 
of duct surface area at 3 in.w.c. In an ideal world, system testing would become unnecessary, 
because certified airtight system components are installed by certified contractors using agreed 
upon techniques. 

One must recognize too that new construction represents only a small fraction of the building 
stock (about 2%). For existing buildings, boxes are not certified for low leakage, and today, 
system testing is the ONLY way to screen for system sealing opportunities in these buildings. 
Visual inspection of the entire system is usually impractical and does not quantify the leakage. 
Without testing and sealing systems in existing buildings, we cannot make a serious step 
forward to reduce building energy use and carbon emissions related to system leakage. 

3. Section 1.1: 

 

Our goal is to minimize energy waste and associated carbon emissions resulting from air-
handling system leakage. Therefore, fan energy use is what really matters rather than just duct 
leakage or system leakage. As a result, one needs to be able to test all aspects of the air-
handling system for leakage and to assess the impact of system leakage on fan energy use. 
Simply telling users that they must separately account for leakage of components other than 
ducts without providing a means to do so is insufficient. Without defining such procedures and 
providing peer-reviewed data, it is difficult to imagine how one can “account” for the impact of 
leakage from ducts and these other components. 

1/18/2012 23 of 288



4. Section 1.1: 

 

 
 
Except for surfaces of ceiling return plenums adjacent to conditioned spaces, all parts of the air-
handling system need to be tested. If a component is pressurized or depressurized, and there is 
a hole in the component, there will be a leakage flow – the purpose of the test is to verify that 
the leakage flow as seen by the fan is below a threshold. The threshold needs to be set based on 
energy and carbon emission reduction targets (and not based on duct shape or surface area), 
taking into account economic constraints on a life-cycle cost basis. A research project is needed 
to examine this issue and to propose appropriate values. 

The statement that it is usually impractical or impossible to test the entire system is not true. 
For example, on the supply side, if a system has a calibrated flow measurement station at the 
fan inlet and one has access to a calibrated flow capture hood to measure grille flows, then it is 
simple to measure the system leakage (fan inlet flow minus sum of grille flows). Testing at the 
system design flow or maximum operating flow provides two possible reference points. In this 
case, there is no need to carry out other tests, except if the system is leakier than allowed and 
one wished to determine leak locations. As an example, for a system with about 100 grilles, our 
staff has been able to make such a measurement in about 4 man-hours (about the same time as 
a pressurization test of only the upstream section). For this approach to work, one needs to 
have accurate diagnostic tools: e.g., flow measurement accuracy of 3% or better so that the 
combined accuracy is about 4% (=sqrt(2*0.03^2)). We have such devices now, but calibration 
and application standards need to be written, and standards enforcement is needed. Note that 
standardized leakage flow measurement techniques that can be practically applied in the large 
commercial building sector for some system sections, such as downstream of terminal box 
dampers, are not yet available, but are being developed and evaluated now (with funding by the 
California Energy Commission). 
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In particular, it is essential that system sections upstream and downstream of a VAV box damper 
be tested. Although we have tested only a small number of buildings, we have found that 50% 
to 75% of the system surface area is located downstream (Fisk et al. (1999), and tends to be 
much leakier at operating conditions than ducts upstream (even after accounting for lower 
pressures in the downstream sections, Wray et al. 2005). Simulations and field measurements at 
Berkeley Lab (Diamond et al. 2003, Wray and Matson 2003) and UC Davis (Wooley et al. 2009) 
have shown that minimizing leakage downstream of terminal boxes and leakage into exhaust 
systems is as important as minimizing upstream leakage. 

Leakage tests should include return-side system surfaces adjacent to unconditioned spaces (e.g., 
ceiling return plenum walls that can have leaks from outdoors), but not surfaces adjacent to 
conditioned spaces (e.g., the ceiling itself). An example related reference is Cummings et al. 
(1996). 

For a discussion of energy and IAQ impacts due to exhaust system leakage, refer to: Woolley et 
al. (2009). The study coupled computer modeling of zone pressures and flows as impacted by 
transient meteorological conditions with field research to answer a number of questions about 
the potential for energy savings from sealing leaks or reducing flows in exhaust ducts. Computer 
simulations using CONTAM characterized the relationship between outdoor air infiltration and 
changes in exhaust flow. A simple series of equations were developed to estimate this 
relationship based on climate zone and exhaust flow rate. Field tests in several hotels and 
dormitories evaluated multiple simplified exhaust flow diagnostic techniques and their results 
were compared to the current industry standard method; one method developed proved to 
consistently estimate duct leakage to within 5% of the total flow. Results from field diagnostics 
also indicate that exhaust systems in buildings constructed within the last decade are not 
necessarily any tighter than older systems: at least half of exhaust systems tested leak by more 
than 10%, and many leak by more than 20%. The analysis indicates that sealing a system with 
25% leakage should reduce heating and cooling energy by 20% and fan energy by 50%. In 
California, the return on investment for such a system is estimated to be approximately 40%, 
and the payback period could be as short as 2 years, depending on the climate zone and initial 
flow rate of the exhaust fan. 

5. Section 1.3: 

 

 
 
See comments #3, #4 and #6. 
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6. Section 1.3: 

 

What we need to know is: at what point does leakage affect fan power and therefore carbon 
impacts significantly enough to make testing and sealing “cost effective” (dollars are not the 
only issue these days, and carbon impacts must be considered)? Airtightness data alone cannot 
get us there, except when the data accurately indicate the system is tight (and then we don’t 
need to worry about the leakage impacts on fan power). We are not there yet – many systems 
in existing buildings are likely too leaky. 

The economically justifiable threshold has not yet been defined and requires research. One 
example to support a 5% system leakage threshold is Wray and Matson (2003). Based on our 
analyses of 54 simulations of a low-pressure terminal-reheat variable-air-volume HVAC system 
with six system leakage configurations in nine prototypical large office buildings (representing 
three construction eras in three California climates), the increase in annual fan energy is 
estimated to be 40 to 50% for a system with a total leakage of 19% at design conditions 
compared to a tight system with 5% leakage.  Annual cooling plant energy also increases by 
about 7 to 10%, but reheat energy decreases (about 3 to 10%).  In combination, the increase in 
total annual HVAC site energy is 2 to 14%. The total HVAC site energy use includes supply and 
return fan electricity consumption, chiller and cooling tower electricity consumption, boiler 
electricity consumption, and boiler natural gas consumption.  Using year 2000 average 
commercial sector energy prices for California ($0.0986/kWh and $7.71/Million Btu), the energy 
increases result in 9 to 18% ($7,400 to $9,500) increases in HVAC system annual operating costs.  
Normalized by duct surface area, the increases in annual operating costs are 0.14 to 0.18 $/ft2.  
Using a suggested one-time duct sealing cost of $0.20 per square foot of duct surface area, 
these results indicate that sealing leaky ducts in VAV systems has a simple payback period of 
about 1.3 years. 

It is incorrect to suggest that testing does not reduce duct leakage. If there is a requirement that 
the leakage specification be met and testing shows that the system is too leaky, then there is a 
real consequence to test failure – testing then needs to include identifying where the failures  
are located, the system will need repair, and the test will need to be repeated after repairs are 
made. In this case, testing DOES reduce system leakage because the system must be properly 
sealed to meet the specification. 
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7. Section 1.3: 

 

See comments #3, #4, and #6. 

8. Section 2.1: 

 

See comments #2, #3, #4, and #6. 
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9. Section 2.5: 

 

See comments #4 and #6. 

Field tests by LBNL staff (Diamond et al. 2003, Wray et al. 2005) have found that leakage in 
systems operating with duct static pressures such as those listed above can be significant, and in 
turn has large impacts on fan power. All system sections need to be tested. 

Based on the information above, which is only nominally for ducts, it is unclear what designers 
should assume for system leakage class. Based on pressurization tests of mostly VAV system 
types, Wray et al. 2005 have shown that leaky systems can have leakage classes far in excess of 
48 cfm/in.w.c.^0.65 per 100 ft2 of duct surface area. The average leakage classes were 77 for 
main sections and 250 for branch sections. 
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10. Section 2.5.1: 

 

 
 
See comments #1, #2, #3, #4, #6, and #9. 

Pressure rating should not be the metric to decide whether to seal; leakage flow or fractional 
leakage flow should be the metric (Wray et al. 2005). Note that the leakage class metric (flow 
normalized by duct surface area at a reference pressure) has its own problems: depending on 
the supply airflow per ft2 of duct surface area and duct pressure, the allowable leakage could be 
a small to large fraction of supply flow (per Appendix A). Large leakage flows are not acceptable 
because of their impact on fan energy use (and associated carbon emissions). 

11. Section 2.5.1: 

 

As implied, accuracy should be the issue (and not the difference). Indeed, poor measurement 
accuracy could result in in meaningless results. Testing should use flow measurement 
equipment with an accuracy of 3% or better. Assuming leakage is accurately measured, 10% 
leakage is excessive and has significant impacts on fan power. For a VAV system, assuming the 
entire system leaks this much and fan system efficiencies remain constant, the fan power 
increase  relative to a 5% leaky system is about 14% {[1/(1-0.1)]/[1/(1-0.05)]}^2.4. For an 
exhaust or return system (using an exponent of 3 instead of 2.4), the impact is about 18%. 
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12. Section 3.1: 

 

See comments #2, #3, #4, and #6. 

13. Section 3.1: 

 

See comments #1, #2, #3, #4, #6, and #10. 

Simply determining the airtightness of some parts of the system (leakage class, which represents 
the size of the holes with units of cfm/in.w.c.^0.65 per 100 ft2 of duct surface area) with 
pressurization-based tests rather than measuring the actual leakage flows from the whole 
system also has several problems (e.g., “hovercraft-like” behavior of grilles so that leakage 
changes during pressurization), still requires accurate airflow measurement, requires accurate 
pressure measurements and knowing the system surface area, and one cannot know the 
operating pressure at each and every leak. In the end, airtightness tests only a rough 
representation for leakage, and LBNL data indicate that in many cases they provide a very poor 
estimate (Wray et al. 2005). 
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14. Section 6.1: 

 

See comment #11. 

15. Section B.1: 

 

See comments #1, #4, #6, #10, #11, and #13. 
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C H A P T E R  5  
 

Leakage Testing 
5.1 Overview 

 5.1.1 Duct leakage testing is an additional test, not considered part of the AABC Total 
System Balance unless specifically specified. The AABC recommends that the leakage 
testing be specified in both the testing and balancing section and the duct construction 
section of the specifications. Since the contractor is responsible for the construction and 
sealing of the duct, it is their responsibility to prepare the system for testing and provide 
initial testing to assure a successful outcome at the final witness test. The test and balance 
agency shall provide the calibrated instrumentation and be independent witness of the 
testing. 

 5.1.2  Duct leakage reduces the air quantity at the system terminals and should be reduced 
or eliminated. Excessive leakage will lead to increased fan speeds to compensate for the 
reduced terminal airflow and therefore, increase energy use to overcome the leakage. 
Excessive leakage can make balancing the terminal distribution to the design criteria 
impossible. Duct leakage occurs at openings in the duct (through joints, seams, access 
doors, rod penetrations, etc.), as a result of reduced quality workmanship. The leakage 
rate is a function of the openings in the duct and the static pressure in the duct. 

Building codes generally require that ducts be sufficiently airtight to ensure energy 
conservation and control of the air movement, humidity, and temperature in the space. This 
can be accomplished by selecting a duct construction static pressure class suitable to the 
operation of the system and specifying the proper sealing of the ductwork. The Associated 
Air Balance Council recommends that all duct systems, including low-pressure systems, be 
sealed and tested in accordance with this chapter as a minimum threshold of duct 
construction performance. 

 5.1.3 Responsibilities 

 5.1.3.1 Test and Balance Agency’s Responsibilities 

It shall be the responsibility of the test and balance agency to witness the test 
and to: 

 Measure and record the results of the duct leakage test. 
 Report any unusual conditions. 
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 Report the test results. 
 
 5.1.3.2 Engineer’s Responsibilities 

   It shall be the responsibility of the Engineer to: 
• Specify the systems to be tested. 
• Specify the allowable duct leakage percentage. 
• Select a test pressure that does not exceed the pressure 

class rating of the duct. 

 5.1.3.3 Contractor’s Responsibilities 

   It shall be the responsibility of the Contractor to: 
• Carefully seal all openings. Duct systems shall be 

separated and sealed in sections which will not exceed the 
capacity of the test apparatus. 

• Provide connections for test apparatus. 
• Pre-test the system prior to requesting the TAB Agency 

test to prevent re-tests. 
• Give reasonable notification to the TAB Agency when 

ready for the test. 
• Take any corrective action to seal the duct. 
• Pay for any additional testing required as a result of the 

failure of the initial test. 

5.2 Test Equipment 

 5.2.1 Airflow and Pressure Source 

Generally, the airflow and pressure source is a high pressure radial fan. This standard, 
however, does not preclude any volume and pressure generating device except for 
limitations imposed by the actual job site conditions. The temporary power availability 
will limit the horsepower used for the test fan. The test fan should be capable of 
supplying at least 110% of the specified leakage rate at the required test pressure of each 
section of duct tested. In addition, the test fan shall be as large as practical, to keep the 
number of test sections to a minimum. The test fan shall also have a means to vary the 
airflow and pressure supplied to the section of duct under test. 

 

 5.2.2 Flow Measuring Device 

The typical flow measuring device used for duct leakage testing is  a calibrated orifice. 
This standard does not limit the use of other flow measuring devices, as long as they meet 
the criteria of this standard. The flow measuring device shall: 
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 Have a certified flow curve signed and sealed by the manufacturer’s Professional 
Engineer or Test Laboratory.  

 Be accurate within ±2% of indicated flow.  

 5.2.3 Instrumentation 

The instrumentation used will measure differential pressure. The instruments available 
are fluid filled manometers, U-tubes, digital manometers, magnahelics, etc. Fluid filled 
manometers shall have proper specific gravity fluid for the manometer scale, and U-tube 
type manometers should not be used for pressures less than 1.0“ (250 mm). All 
mechanical or digital manometers shall be calibrated and shall display current calibration 
information. Manometers shall conform to the following: 

 Graduated with a minimum scale of 0.005” w.g. (1.25 kpa) for test pressures from 
0” to1.0” w.g. (250 kpa). 

 Graduated with a minimum scale of 0.01” (2.5 kpa) for test pressures from 0.1.0” 
w.g. (250kpa) or greater.  

 Accuracy shall be ±1% of indicated flow.  

5.3 Test Parameters 

 The specification must establish the type of sealing required to accomplish the desired leakage. 
The leakage rate shall be established by the Design Engineer as a percentage of the total airflow. 
The duct sections shall be determined by the maximum parameter of the test apparatus. The AABC 
recommends as a minimum, the maximum leakage percentages shown in Figure 5.1. 

5.4 Testing Procedures 

 Testing shall be conducted before external insulation is applied. Ducts with uncured seals shall 
not be tested. Care shall be exercised in cold weather. Low temperatures reduce the effectiveness 
of sealants and gaskets. Determine that the capacity of the test apparatus is suitable for the duct 
section being tested. 

 Determine the total allowable leakage of each duct system, including the allowed leakage rate 
of each component. If the entire duct system cannot be tested, determine the allowed leakage rate 
in a section of duct. To do this, determine the surface area of the total duct system, and the surface 
area of each section of the system to be tested. Divide the surface area of each section by the total 
surface area to determine the system percentage of each section. Multiply the system CFM (l/s) 
times the percentage of each section to determine the CFM (l/s) for each section. Multiply the 
allowable percent leakage times the section CFM (l/s), to determine the allowable leakage rate for 
each section. 

 Connect the flexible tubing from the test apparatus to the duct test connection (Figure 5.2). The 
system static pressure tap (Figure 5.2) shall be at least 12“ (300mm) from the test connection in the 
test duct. 
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  To prevent over-pressurizing the duct section being tested, the test blower shall be started with 
its inlet damper closed. The inlet shall then be slowly opened to pressurize the duct section to the 
required test static pressure at the system test manometer. Do not leave the test apparatus 
unattended. 

 Read the pressure drop across the orifice at the orifice manometer and determine the airflow by 
the calibrated orifice curve. Measure the static pressure at the furthest end of the duct test section 
with a pressure gauge to verify no blockages are present in the system at the time of the test. 

 Compare the test leakage in CFM (l/s) with the specified allowable leakage rate. If the test does 
not exceed the allowable leakage percentage, the test is acceptable and the test report is finalized as 
passing. If the duct section leakage rate exceeds the specified leakage rate, then the duct test fails. 
The report indicates a failure and the duct must be resealed and retested 

 If the test apparatus did not produce the required pressure level and significant leaks were not 
found, divide the duct being tested into smaller sections or use a test apparatus with a greater 
capacity. 
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Type of System Minimum 
Test Pressure5 

Maximum 
Allowable 
Leakage 

1. Fractional horsepower fan system; fan coils, small 
exhaust/supply fans, and residential systems 

0.50” W.C. 
(125 pa) 

2% 

2. Small systems; split DX systems – usually systems under 2000 
CFM (940 l/s), and residential systems 

1.00” W.C. 
(250 pa) 

2% 

3. VAV and CAV boxes and associated downstream ductwork1 1.00” W.C. 
(250 pa) 

2% 

4. Single zone, multizone, low pressure VAV and CAV systems2, 
return ducts, and exhaust duct systems 

2.00” W.C. 
(500 pa) 

2% 

5. All constant volume ducts in chases and concealed spaces, main 
return ducts on VAV and CAV systems, main ducts on exhaust or 
supply systems 

3.00” W.C. 
(745 pa) 

1% 

6. Supply ducts for VAV and CAV systems 4.00” W.C.3 
(995 pa) 

1% 

7. Dual duct systems, both hot duct and cold duct 6.00” W.C.4 
(1495 pa) 

1% 

8. High pressure induction system 6.00” W.C.4 
(1495 pa) 

0.5% 

 
 

1 It is assumed that the box damper is on the inlet side of the box.  If the box damper is at the 
outlet side of the box, then the box should be included in the upstream leakage testing.  Series 
boxes should not be included in test since they operate at a neutral pressure. 
 
2 When low pressure VAV and CAV systems are used, the total allowable system leakage should 
not exceed 2%, including the box and downstream ductwork.  The box and downstream 
ductwork should be tested at the lower 1” static (250 pa).  This is the minimum for most systems 
currently used in today’s design practices. 
 
3 It is recommended that the pressure rating of the duct be equal to the fan shut-off pressure if the 
possibility of fan shut off exists either in VAV systems or in systems with smoke/fire damper 
control.  In a VAV system, the pressure may be selected at the intersection of the minimum box 
total CFM (l/s) and the maximum fan RPM. 
 
4 Large induction systems may have higher pressure requirements, i.e. 10” W.C. (2490 pa) 
 
5 Test pressure should not exceed the pressure rating of the duct. 
 
 
Figure 5.1 Maximum Allowable Leakage 
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5.5 Report Data 

 The report for the duct leakage test must include: 

 The date of the test 

 The project name 

 A description of the duct being tested including location, sealing classification, and 
duct classification if available 

 The design and actual test static pressure 

 The design and actual leakage rate 

 Calculation of duct leakage rate 

 If the duct passed or failed 
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 Description of the test apparatus including orifice size, manufacturer, and date 
calibrated 

 The actual orifice pressure drop with the actual flow 

 The name of the person performing the test and any witnesses 
 
5.6 AHU Pressure Testing 

 
5.6.1 Casing Leakage Test 
 
 5.6.1.1 Unit shall be furnished with proper blank offs to facilitate the 

pressure testing and a round flanged opening for the test orifice. 
 

 5.6.1.2 With unit set in place, leveled and ready to receive duct work 
connections, unit shall be tested for casing leakage by sealing all openings 
and pressurizing to 2.5 times rated pressure (defined as total static pressure 
of unit) or 10” WG, whichever is smaller.  Maximum allowable leakage rate 
is 1.5% of rated unit flow.  Test is to be performed by the manufacturer using 
orifice tubes for leakage measurement sized for 1.5% of the AHU design 
airflow and able to provide the pressure defined above. The test set-up will 
be a positive pressure test for the entire AHU. The access doors in the 
negative section of the AHU can be taped because the seals are for a 
negative pressure. The final test shall be witnessed by a representative of the 
Test & Balance agency 

 
        5.6.2 Casing Deflection Test 

 
5.6.2.1 Deflection limit of L/250 shall be demonstrated by the manufacturer 

and witnessed by a representative of the Test and Balance Agency. The 
deflection test shall be taken at 2.5 times the AHU total static pressure 
rating or 10” whichever is smaller.  

 
5.6.2.2 ‘L’ is defined as the height of the largest panel on the sides, width 

across the top of the largest panel on the unit, and the smaller of width or 
height of the largest panel for the ends.  These are known as the 
governing panels. 

 
5.6.2.3 Measurements shall be taken at midpoint of ‘L’ using dial indicators 

reading in 1/1000ths.  Mounting of dial indicators shall be independent 
of the unit casing.  Multiple measurements shall be made.  Dial indicator 
shall be mounted at midpoint of ‘L’.  Measurements shall then be spaced 
along the sides, ends and top at mid point and quarter points of the 
negative section and the positive section.  Spacing shall be adjusted to 
fall on nearest flange or panel joint.  Any section of less than five feet 
shall require only one measurement at the center.  
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5.6.2.4 In order to reduce the number of pressure cycles, it is recommended 
that multiple dial indicators be used at the measurement points.   

 
       5.6.3 Failure of the leakage and/or deflection test shall require sealing and bracing of the 

unit and retesting until criteria is met.  Contractor shall bear all costs involved in the 
modifications, and re-testing, including travel and hourly costs associated with the 
representatives of the Test and Balance agency.  
 

5.7 Room, Floor and Building Pressure Testing 
  
The measurement will be done by first temporarily sealing the openings of the area being tested 
and removing air from the area (negative pressure) and then blowing air into the area 
(pressurization).  The flow and pressure readings will be converted into an Equivalent Leakage 
Area (ELA) or the total area of all the cracks, gaps and holes in the test room.  The two readings 
are averaged for an ELA.  The leakage area will be calculated by the following formula: 
 

P
QELA
Λ

=
2610

 

 
    Where: ELA = the area of room leakage (ft2) 
      Q = the rated room offset (cfm) 
      ΔP = differential pressure between the room and a 

referenced adjacent area (iwc) 
       

• Each area will be pressure tested with all supply and exhaust openings 
temporarily sealed. 

 
• A door fan will be installed in the doorjamb. Figure 5.3 

 
• The fan speed will be adjusted to obtain a design pressure between the test area 

and the adjacent area. 
 

• The flow and pressure readings are converted into an Equivalent Leakage Area 
(ELA). 

 
For large areas multiple fans may be required. 
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MTG PROPOSAL FORM 
Return Form to: 

Manager of Research & Technical Services 
ASHRAE 

1791 Tullie Circle, NE 
Atlanta, Georgia 30329-2305 

404-636-8400 • Fax 404-321-5478 
E-mail: techserv@ashrae.org 

   Date:  December 31, 2011 
 
  MTG Name:       Energy-Efficient Air-Handling Systems for Non-Residential Buildings 
 
  MTG Scope:           MTG.EAS will coordinate activities of related ASHRAE technical and standards 

committees to facilitate development of packages of tools, technology, and guidelines related to the 

design, operation, and retrofit of energy-efficient air-handling systems in new and existing non-residential 

buildings. The intent is that these products can be integrated with industry processes and can be used to 

ensure that ASHRAE energy saving targets are met, to carry out high-profile demonstrations of improved 

air-handling systems, and to identify further energy saving opportunities. Within ASHRAE, the MTG also 

will coordinate activities to update related parts of ASHRAE Handbooks and Standards (particularly 90.1, 

62.1, and 189.1) and to develop related education programs for technology implementers. Outside of 

ASHRAE, the MTG will monitor related activities and represent ASHRAE interests where permitted to 

provide a conduit for related information transfer to ASHRAE members. MTG.EAS is concerned with the 

interactions between non-residential air-handling system components, the building, and related activities, 

which include at least the activities of TCs1.4 (Control Theory and Application), 1.8 (Mechanical System 

Insulation), 1.11 (Motors and Motor Controls), 4.3 (Ventilation Requirements and Infiltration), 4.7 (Energy 

Calculations), 5.1 (Fans), 5.2 (Duct Design), 5.3 (Room Air Distribution), 6.3 (Central Forced Air Heating 

and Cooling Systems), 7.1 (Integrated Building Design), 7.2 (HVAC&R Contractors and Design Build 

Firms), 7.7 (Testing and Balancing), 7.9 (Building Commissioning), and 9.1 (Large Building Air-

Conditioning Systems), as well as TRG7 (Under Floor Air Distribution), SSPC 62.1 (Ventilation for 

Acceptable Indoor Air Quality), SSPC 90.1 (Energy Standard for Buildings Except Low-Rise Residential 

Buildings), and SSPC 189.1 (Standard for the Design of High-Performance Green Buildings Except Low-

Rise Residential Buildings). 
 
  Impact on TC/TG/TRGs and Other MTGs:    MTG.EAS will promote collaboration and information 

sharing between the technical and standards committees affected by the MTG scope. For each affected 

TC/TG/TRG/MTG/SPC/SSPC, resource impacts will primarily involve the participation of one member of 

the technical or standards committee in MTG.EAS activities and, when appropriate, that member's input to 

their technical or standards committee regarding MTG.EAS issues in related handbook, program, 

research, and standards activities. 
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MTG.EAS Rationale: ASHRAE has goals of creating technologies and design approaches that 
enable the construction of net zero energy buildings at low incremental cost, and also of ensuring that 
the efficiency gains resulting from related R&D will result in substantial reduction in energy use for 
both new and existing buildings. 
HVAC systems are the largest energy consumer in U.S. non-residential buildings, consuming about 
40% of the non-residential sector source energy in Year 2003 or about 5.5 quads ($44 billion). Moving 
air to provide ventilation and space-conditioning may consume about a third to a half of this energy. 
Clearly, efficient air-handling systems that use as little energy as possible are needed for ASHRAE to 
achieve its goals. 

Although the energy efficiency of many HVAC components in non-residential buildings has improved 
substantially over the past 20 years (e.g., chillers, air-handler drives), there is still a need to make 
other equally critical components more efficient (e.g., the air distribution system, which links heating 
and cooling equipment to occupied spaces). For example, field tests in hundreds of small non-
residential buildings and a few large non-residential buildings suggest that system air leakage is 
widespread and large. It is often 25 to 35% of system airflow in smaller buildings, and can be as large 
as 10 to 25% in larger buildings. Based on field measurements and simulations by Lawrence Berkeley 
National Laboratory, it is estimated that system leakage alone can increase HVAC energy 
consumption by 20 to 30% in small buildings and 10 to 40% in large buildings. Ducts located in 
unconditioned spaces, excessive flow resistance at duct fittings, poorly configured and improperly 
sized air-handler fans, unnecessarily high duct-static-pressure set-points, leaky terminal boxes, and 
inefficient terminal unit fans further reduce system efficiency, and in turn increase HVAC energy 
consumption even more. 

There is no single cause for system deficiencies. One cause is that the HVAC industry is generally 
unaware of the large performance degradations caused by deficiencies, and consequently the 
problems historically have received little attention. For example, a common myth is that supply air 
leaking from a variable-air-volume (VAV) duct system in a ceiling return plenum of a large non-
residential building does not matter because the ducts are inside the building. In fact, however, the 
supply ducts are outside the conditioned space, the leakage short-circuits the air distribution system, 
supply fan airflow increases to compensate for the undelivered thermal energy, and power to operate 
the fan increases considerably (power scales with the flow raised to an exponent between two and 
three depending on system type). 

Other causes of the deficiencies include a lack of suitable analytical tools for designers (e.g., VAV 
systems are common in large non-residential buildings, but most mainstream simulation tools cannot 
model air leakage from these systems), poor architectural and mechanical design decisions (e.g., 
ducts with numerous bends are used to serve many zones with incompatible occupancy types), poor 
installation quality (e.g., duct joints are poorly sealed downstream of terminal boxes and in exhaust 
systems), and the lack of reliable diagnostic tools and procedures for commissioning (e.g., industry-
standard duct leakage test procedures cannot easily be used for ducts downstream of terminal 
boxes). The highly fragmented nature of the building industry means that progress toward solving 
these problems is unlikely without leadership from and collaboration within ASHRAE. 

Goal, Objectives, and Needs Addressed. Separate opportunities already exist to save 25 to 50% of 
HVAC system energy (e.g., sealing system leakage, right-sizing ducts and fans, using duct static 
pressure reset, wireless conversion of CAV systems to VAV). Collectively, facilitation and coordination 
of industry efforts is needed to better capture these opportunities and preferably to address system 
interactions and optimize air-handling system energy efficiency, with the ultimate goal of reducing 
HVAC-related energy use in buildings. 

Therefore, one objective of MTG.EAS is to coordinate the development and assembly of complete 
packages of tools, technology, and guidelines by individual TC/TG/TRG/MTG/SPC/SSPCs. A second 
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objective is to initiate high-profile demonstrations of the packages to attract the attention of major 
players, and to transition the packages into the market through public-private partnerships. These 
efforts should include working with industry partners to update ASHRAE Handbooks and Standards, 
and to develop education programs for technology implementers so that the design, installation, and 
commissioning of energy efficient air-handling systems becomes standard practice. 

Five areas with particular needs that the MTG.EAS would address are: 
1) Improved Air-Handling System Airflow Diagnostics for Non-Residential Buildings 
Several steps are needed to achieve accurate, cost effective diagnostic tests. One is to evaluate 
the applicability and reliability of recently developed distribution system leakage diagnostics for 
use in non-residential buildings and for system configurations that are gaining in popularity (e.g., 
under floor supply air distribution in larger buildings). A second is to develop reliable, less 
expensive ways to measure other air-handling system airflows (e.g., for fans). A third is to assess 
the applicability and acceptance of diagnostic tools and tests as training and quality control aids 
for the building industry, and a fourth is to initiate commercialization and standardization of these 
tools and tests. 

2) Improved Air-Handling System Performance Analysis Tools 
ASHRAE Standard 152 calculation methods need to be extended to include non-residential 
buildings and to address air-handling system efficacy (i.e., thermal comfort) issues. Together with 
the measurements described below, modeling and analyses of air-handling system impacts on 
energy use and indoor environmental quality should be carried out to establish baselines for 
standards and technical targets that are technologically feasible and economically justified over 
the life of the system, and to verify over time that program targets are being achieved. 
Standardized procedures for verifying whether targets are met also need to be developed. 

3) Characterize Air-Handling Systems and Assess System Repair in Non-Residential Buildings 
More field data need to be collected about the physical characteristics of air-handling systems in 
existing buildings, and performance gains that are actually obtained by system improvements 
need to be demonstrated. Also, research is needed to determine the long-term durability of system 
sealants. New information about diagnostics and performance should be integrated into improved 
versions of current system sealing and insulation retrofit manuals for small building owners and 
HVAC contractors (and into new manuals for use in the large building sector). 

4) Distribution System Guidelines for New and Retrofit Construction 
Even though numerous publications about HVAC system design, testing, and balancing are 
available or are in preparation, none address the use of appropriate metrics and procedural 
guidelines for designing and commissioning energy efficient air-handling systems. ASHRAE 
guidelines about design and installation practices to avoid problems that occur in current building 
stock and that are appropriate for use in non-residential buildings need to be developed. Stand 
alone guidelines for use by building designers, owners, and HVAC contractors describing how to 
commission air-handling systems also need to be developed. 

5) Advanced Technology Applications 
New air-handling system technologies that allow life-cycle cost effective reduction in energy use 
while meeting indoor environmental quality and sustainability requirements for non-residential 
buildings need to be developed. Aerodynamic improvements are needed to reduce system effects 
and to make fans and other components less susceptible to loss of efficiency during part load 
operation. Integration of air-handling, hydronic, and building systems needs further examination. 
Proof of concept prototypes should be built in collaboration with equipment manufacturers, and 
then should be tested in the laboratory and in the field to demonstrate performance improvements 
and to support the development of new performance standards.  
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MTG Roster: 
 
Requirements below apply to MTG Rosters Only: 
* Only one person from each TC/TG/TRG or non-TC group participating in MTG may serve as voting 

member. 
* The Chairs or leaders of participating TC/TG/TRGs or non-TC groups will designate the MTG member to 

represent their group with a vote on the MTG. 
* Alternate Members are nominated by the MTG Chair, and there are no restrictions on the number or 

affiliations of nominees. 
* Alternate Members are expected to participate in MTG activities and attend meetings when possible. 
* An Alternate Member normally has no right to vote at the MTG level, but can vote at the MTG subcommittee 

level. 
* An Alternate Member may be given proxy authority, however, by a MTG voting member to vote in his or her 

absence so that groups participating in the MTG are always represented in a MTG vote. 
* The MTG Chair & Vice Chair are not required to be ASHRAE members, but it is preferred. 
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TESTING FOR DUCT LEAKAGE

Gaylon Richardson
Engineered Air Balance Co., Inc.
Spring, Texas

What Should Be Specified

Associated Air Balance 
Council Standard

ASHRAE  2012 Duct Construction Chapter 
Systems and Equipment Handbook

Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. wc (Pa)

Allowable 
System 
Leakage

1. Fractional horsepower 
fan systems; fan coils, small
exhaust/supply fans, and 
residential systems

0.50” WC
(125 pa)

2% Operating 
System

Operating 
Pressure

5%

During 
Construction

0.5 (125) 5%

2. Small systems; split DX  1.00” WC 2%
systems – usually systems 
under 2000 CFM (940 l/s), 
and residential systems

(250 pa)

1 Test pressure should not exceed the pressure rating of the duct.
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.
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What Should Be Specified
Associated Air Balance 

Council Standard
ASHRAE  2012 Duct Construction Chapter 

Systems and Equipment Handbook

Type of System Minimum Maximum System Test Pressure 1,7 AllowableType of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure  , , 
in. wc (Pa)

Allowable 
System 
Leakage

3. VAV and CAV boxes and 
associated downstream 
ductwork2

1.00” WC
(250 pa)

2% Operating 
System

Not Addressed

During 
Construction

Not Addressed

4. Single zone, multizone, 
low pressure VAV and CAV 

2.00” WC
(500 pa)

2% Operating 
System

Operating 
Pressure

5%
p

systems3, return ducts, and 
exhaust duct systems

( p ) y

During 
Construction

2.0 (500) 5%

1 Test pressure should not exceed the pressure rating of the duct.
3 When low‐pressure VAV and CAV systems are used, the total allowable system leakage should not exceed 2%, including 
the box and downstream ductwork.  The box and downstream ductwork should be tested at the lower 1” static (250 pa).  
This is the minimum for most systems currently used in today’s design practices.
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the possibility of fan shut‐off 
exists either in VAV systems or in systems with smoke/fire damper control.

What Should Be Specified

Associated Air Balance  ASHRAE  2012 Duct Construction Chapter 
Council Standard Systems and Equipment Handbook

Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. wc (Pa)

Allowable 
System 
Leakage

5. All constant volume ducts 
in chases and concealed 
spaces, main return ducts 

3.00” WC
(745 pa)

1% Operating 
System

Not Addressed

During Not Addressed
on VAV8 and CAV8 systems

During 
Construction

Not Addressed

1 Test pressure should not exceed the pressure rating of the duct.
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.
8 It is assumed that the primary air damper is located at the box inlet.  If instead this damper is at the box 
outlet, then the box should be included in the upstream leakage testing.
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What Should Be Specified

Associated Air Balance 
Council Standard

ASHRAE  2012 Duct Construction Chapter 
Systems and Equipment Handbook

Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. wc (Pa)

Allowable 
System 
Leakage

6. Supply ducts for VAV8 and 
CAV8 systems

4.00” WC4

(995 pa)
1% Operating 

System
Operating 
Pressure

5%

During 
Construction

Upstream Box: 
4.0 (1000)

D t

5%

Downstream 
Box:  1.0 (250)

1 Test pressure should not exceed the pressure rating of the duct.
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.
8 It is assumed that the primary air damper is located at the box inlet.  If instead this damper is at the box 
outlet, then the box should be included in the upstream leakage testing.

What Should Be Specified
Associated Air Balance 

Council Standard
ASHRAE  2012 Duct Construction Chapter 

Systems and Equipment Handbook

Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. wc (Pa)

Allowable 
System 
Leakage

7. Dual duct systems, both 
hot duct and cold duct

6.00” WC5

(1495 pa)
1% Operating 

System
Operating 
Pressure

5%

During 
Construction

6.0 (1500) 5%

8. High pressure induction  6.00” WC5 0.5% Operating  Operating  5%g p
system (1495 pa)

p g
System

p g
Pressure

During 
Construction

6.0 (1500) 5%

1 Test pressure should not exceed the pressure rating of the duct.
5 Large induction systems may have higher pressure requirements, i.e., 10” WC (2490 pa)
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.
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What Should Be Specified
Associated Air Balance 

Council Standard
ASHRAE  2012 Duct Construction Chapter 

Systems and Equipment Handbook

1 7Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. wc (Pa)

Allowable 
System 
Leakage

9. Manifold exhaust system 6.00” WC6

(1495 pa)
0.5% Operating 

System
Not Addressed

During 
Construction

Not Addressed

10. Grease duct systems 4.00” WC
(995 pa)

0% Operating 
System

Not Addressed
(995 pa) System

During 
Construction

Not Addressed

1 Test pressure should not exceed the pressure rating of the duct.
6 Large manifold exhaust systems may have higher pressure requirements, i.e., 10” WC (2490 pa)
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.

What Should Be Specified
Associated Air Balance 

Council Standard
ASHRAE  2012 Duct Construction Chapter 

Systems and Equipment Handbook

f S i i i S 1 7 ll blType of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. WC (Pa)

Allowable 
System 
Leakage

11. VAV8 and CAV8 return 
systems

Not 
Addressed

Operating 
System

Operating 
Pressure

5%

During 
Construction

Downstream
box: 3.0 (750)
Upstream box: 

1.0 (250)

5%

( )
1 Test pressure should not exceed the pressure rating of the duct.
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.
8 It is assumed that the primary air damper is located at the box inlet.  If instead this damper is at the box 
outlet, then the box should be included in the upstream leakage testing.
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What Should Be Specified

Associated Air Balance 
Council Standard

ASHRAE  2012 Duct Construction Chapter 
Systems and Equipment Handbook

Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. WC (Pa)

Allowable 
System 
Leakage

12. Chilled‐beam systems Not 
Addressed

Operating 
System

Operating 
Pressure

5%

During 4 0 (1000) 5%During 
Construction

4.0 (1000) 5%

1 Test pressure should not exceed the pressure rating of the duct.
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.

What Should Be Specified
Associated Air Balance 

Council Standard
ASHRAE  2012 Duct Construction Chapter 

Systems and Equipment Handbook

Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. wc (Pa)

Allowable 
System 
Leakage

13. Supply and return 
ductwork located outdoors

Not 
Addressed

Operating 
System

Operating 
Pressure

2%

During 
Construction

3.0 (750) 2%

14. Exhaust ductwork  Not  Operating  Operating  2%
located indoors Addressed System Pressure

During 
Construction

3.0 (750) 2%

1 Test pressure should not exceed the pressure rating of the duct.
7It is recommended that the pressure rating of the duct be equal to the fan shut‐off pressure if the 
possibility of fan shut‐off exists either in VAV systems or in systems with smoke/fire damper control.
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What Should Be Specified

Associated Air Balance 
Council Standard

ASHRAE  2012 Duct Construction Chapter 
Systems and Equipment Handbook

Type of System Minimum 
Test 

Pressure 1,7

Maximum
Allowable 
Leakage

System 
Condition

Test Pressure 1,7, 
in. wc (Pa)

Allowable 
System 
Leakage

15. Air handling units 10.0” WC
(2500 pa)

1% Site test by 
Manufacturer

Specified design 
pressure

1%

16. Multizone supply 
systems; Multizone return 
systems; Multizone exhaust 
systems

Not 
Addressed

Operating 
System

Operating 
Pressure

5%

During 
Construction

2.0 (500) 5%

What Should Be Specified

F Ai H dli U it ith t t l t ti (TSP)b l 4”WC I• For Air Handling Units with total static pressures (TSP)below 4”WC I 
would suggest the test requirement be 2 x TSP not to exceed 
10”WC. Suggest deflection testing of the panels be tested during 
AHU pressure test. 
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Deflection Testing

D fl ti li it f L/250 h ll b d t t d M t h ll• Deflection limit of L/250 shall be demonstrated Measurements shall 
be taken at mid point of ‘L’ using dial indicators reading in 
1/1000ths.  Mounting of dial indicators shall be independent of the 
unit casing.  Multiple measurements shall be made.  Dial indicator 
shall be mounted at mid point of ‘L’. ’L’ is defined as the height of 
the largest panel on the sides of the AHU, width of the largest panel 
across the top of the AHU, and the smaller of width or height of the 
largest panel for the ends of the AHU.  These are known as the 
governing panels.

Deflection Testing

M t h ll th b d l th id d d t• Measurements shall then be spaced along the sides, ends, and top 
at mid point and quarter points of the unit.  Spacing shall be 
adjusted to fall on the nearest flange or panel joint.  Any side, top 
or end of unit of less than five feet shall require only one 
measurement at the center.  In order to reduce the number of 
pressure cycles, it is recommended that multiple dial indicators be 
used at the measurement points.”
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Issues of Sealing Duct to a Leakage Class and Seal Class

Case 1 prior to SMACNA HVAC Air Duct Leakage Test Manual, 1985 two 
identical phases of a research building were built by different contractors. 
The AHU systems were dual duct. Phase 1 by contractor A required 
increasing the RPM and loading the 125HP motors (156 amps)to maintain 
the static pressure to the end of the system. Phase 2 by contractor B 
required decreasing the RPM which lowered the amp draw (92 amps) to 
maintain the static pressure to the end of the systemmaintain the static pressure to the end of the system.

Issues of Sealing Duct to a Leakage Class and Seal Class

C 2 T id ti l 10 t ffi b ildi b ilt b th t tCase 2 Two identical 10 story office buildings built by the same contractors. 
The OSA and toilet exhaust duct risers in the shaft were to be sealed to 
seal class A and leakage class 6. The ducts were identical sizes and had the 
same rated airflow. The specification required a pressure test of 3.0” and 
leakage to not exceed 2%. Building A duct sealing by team A passed on the 
first test in each duct. Building B duct sealing by team B failed many times 
and finally passed after 3 weeks of extra sealing.
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Issues of Sealing Duct to a Leakage Class and Seal Class

C 3 A 96” 96” i h t d t d i d f 180 000 CFM Th lCase 3 A 96” x 96” main exhaust duct designed for 180,000 CFM. The seal 
class was A and the leakage class was 6. The specifications required 1% 
leakage at 6”WC. The contractor tested several sections of the duct and 
found the leakage to be 8% to 15% per section. The duct was installed in 
an interstitial space  and the top of the duct ran between the beams. An 
investigation  determined the duct sealant was only applied to the sides 
and not the top and bottom. 

Issues of Sealing Duct to a Leakage Class and Seal Class

C 4 C ti f l b t diff O h d d t dCase 4‐ Connection of plenum boxes to diffusers. On a hard ducted 
system the diffusers which were connected to plenum boxes. The 
diffusers were installed with zip screws on each side. Our testing 
found 15% leakage. The plenum boxes had to be disconnected from 
the branch duct and the diffuser and plenum removed to properly 
seal the connection. After the diffusers and plenum boxes were 
reinstalled no leakage was detected.
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Reporting Duct Leakage
• Job Number

• Job NameJob Name

• Description of Duct Tested

• Performed By and Witnesses

• AHU #

• Design CFM of Test Section

• Test Equipment Orifice Size and Calibration Date

• Required SP           Actual SP

• Allowable Leakage in CFM Determined by % of Duct Being Tested

• Actual Leakage CFM

• Pass/Fail

• Date

Anticipated Cost
• These costs are based on the assumption that buildings are 

designed on the average of 1 CFM / Ft2  and the cost is g g /
approximately $2.00 / Ft2

Type of System From What 
Should be Specified Above

Maximum 
CFM

AABC Standard Cost 
/ Year= Leak % x 
CFM x $2.00

ASHRAE 2012 Duct 
Construction  Chapter 
Cost / Year = Leak % x 
CFM x $2.00

1. & 2. Small Systems  2000 $80 $200
(multiples)

3.Terminal Box Downstream 
Ductwork (multiples)

1570 $62.80 $157.00

4. Systems Below 2” WC , MZ, 
VAV, CAV

25000 $1000.00 $2500.00
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Anticipated Cost

Type of System FromWhat Should Maximum AABC Standard ASHRAE 2012 DuctType of System From What Should 
be Specified Above

Maximum 
CFM

AABC Standard 
Cost / Year= 
Leak % x CFM x 
$2.00

ASHRAE 2012 Duct 
Construction  
Chapter Cost / Year = 
Leak % x CFM x 
$2.00

5. Ducts in Chases 50000 $1000 $5000

6. VAV and CAV Supply Ducts 80000 $1600 $8000

7. Dual Duct Systems 150000 $3000 $15000

8. High Pressure Induction 100000 $1000 $10000

9. Manifold Exhaust System 200000 $2000 $20000

10. Grease Ducts 10000 $0 Not Addressed

11. VAV & CAV Return Systems 100000 $1000 used 1% $10000

Anticipated Cost

Type of System FromWhat Maximum AABC Standard ASHRAE 2012 DuctType of System From What 
Should be Specified Above

Maximum 
CFM

AABC Standard 
Cost / Year= Leak % 
x CFM x $2.00

ASHRAE 2012 Duct 
Construction  
Chapter Cost / Year 
= Leak % x CFM x 
$2.00

12. Chilled Beam 20000 $200 used .5% $2000

13. Supply & Return located  30000 $0 used 0% $3000
Outdoors

14. Exhaust Ductwork 200000 $4000 used 1% $8000

15. AHUs 150000 $3000 $3000

16. Multizone Systems 25000 $1000 used 2% $2500

1/18/2012 56 of 288



1/18/2012

12

What Does ASHRAE Standard 90.1 Addendum cq add

6 4 4 2 D t k d Pl L k6.4.4.2 Ductwork and Plenum Leakage

6.4.4.2.1 Duct Sealing. Ductwork and all plenums with pressure class 
ratings shall be constructed to seal class A, as required to meet the 
requirements of section 6.4.4.2.2, and was standard industry 
practice ( see Informative Appendix E). ..... All connections shall be 
sealed, including but not limited to spin‐ins, taps, other branch 
connections, access doors, access panels, and duct connections to 
equipment. Sealing that would void product listings is not required. 
Spiral lock seems need not be sealed. All duct pressure class ratings 
shall be designed in the design documents.

What Does ASHRAE Standard 90.1 Addendum cq add

6.4.4.2.2 Duct Leakage Tests. Ductwork that is designed to operate at 
static pressures in excess of 3 in. wc and all ductwork located p
outdoors shall be leak tested according to industry – accepted test 
procedures ( see Informative Appendix E). Representative sections 
totaling no less than 25% of the total installed duct area for 
designated pressure class shall be tested. All sections shall be 
selected by the building owner or the designated representative of 
the building owner. Positive pressure leakage testing is acceptable 
for negative pressure duct work. The maximum permitted ductfor negative pressure duct work. The maximum permitted duct 
leakage shall be  Lmax = CL P0.65 ,where Lmax =maximum permitted 
leakage CFM/100 ft2 duct surface area. CL = for, duct leakage class, 
CFM/100 ft2 duct surface area at 1 in. wc. P = test pressure, which 
shall be equal to the design duct pressure class rating, in. wc
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Summary

I h l j t h t f d t k i• I have seen on several projects when a percentage of ductwork is 
selected the sealing is done better than the remaining ductwork. I 
would suggest that 100% of the ductwork be tested.

• To save energy I would suggest that ductwork above 3” WC be 
tested at the duct rated pressure and not exceed 1% leakage.

• The duct rated pressure should be what the rated fan system shut 
off pressure would be if a damper failed.off pressure would be if a damper failed.

• To not pressure test ductwork and assume the sealant will be 
applied properly has saved money on the front end but cost the 
owner dearly throughout the life of the system.

IT COULD BE WORSE
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QUESTIONS
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RATIONALE FOR MEASURING DUCT LEAKAGE 
FLOWS IN LARGE COMMERCIAL BUILDINGS 
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ABSTRACT 
 
Industry-wide methods of assessing duct leakage are based on duct pressurization tests, and focus on “high 
pressure” ducts. Even though “low pressure” ducts can be a large fraction of the system and tend to be leaky, few 
guidelines or construction specifications require testing these ducts. We report here on the measured leakage 
flows from ten large commercial duct systems at operating conditions: three had low leakage (less than 5% of 
duct inlet flow), and seven had substantial leakage (9 to 26%). By comparing these flows with leakage flows 
estimated using the industry method, we show that the latter method by itself is not a reliable indicator of whole-
system leakage flow, and that leakage flows need to be measured. 
 
 
KEYWORDS 
 
Ducts, leakage, commercial, commissioning, measurements, diagnostics. 
 
 
INTRODUCTION 
 
Typically in North American large commercial buildings (floor area more than 1,000 m2), 
central HVAC systems continuously supply heated or cooled air to conditioned spaces 
through a complex network of ducts. Large fan pressure rises are needed to move the supply 
air through the typically long duct runs, and the associated fan power is a substantial fraction 
(35-50%) of HVAC energy use. Fan energy can be reduced by using tight ducts that deliver 
conditioned air to where it is needed. 
 
Although little is known about the duct system characteristics of existing buildings, three 
characteristics are notable. One is that the thousands of field-assembled joints between duct 
sections and duct-mounted accessories (e.g., VAV boxes) create numerous opportunities for 
leakage. The size and distribution of the leaks depends on the duct construction materials, and 
on the installation workmanship. Leakage testing of representative duct sections is necessary 
to verify that the installed system meets design specifications. 
 
For a hole in a duct to be a problem, there must also be a pressure difference across it to drive 
the leakage airflow. Therefore, a second important characteristic is the pressure distribution in 
the duct system. Some duct sections operate at high static pressures (e.g., 100 to 2,500 Pa), 
but other sections, such as those downstream of VAV boxes, operate at much lower pressures 
(e.g., 10 to 100 Pa). In some systems, as much as 50 to 75% of the ducts may operate at the 
lower pressures (Fisk et al. 1999). Because of the spatial distribution of leaks and sometimes 
temporal variations in pressure, it is practically impossible to know the pressure difference 
across each leak. Although this lack of information means that leakage flows cannot be 
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estimated with any quantifiable certainty, a common industry practice for estimating leakage 
flows is to assume that an average duct static pressure applies to every leak. 
 
A third important characteristic is the location of the ducts relative to conditioned space. 
Leakage from a supply duct directly into a conditioned space is of little importance, except 
perhaps in terms of uniformity of air delivery, noise, and draft potential. In North American 
large commercial buildings, duct systems tend to be located inside ceiling return plenums, 
which are not conditioned space. In this case, supply air leakage can short-circuit the air 
distribution system, and the supply fan airflow must increase to compensate for the thermal 
energy lost through leakage. 
 
Because the relationship between supply fan power and airflow is somewhere between a 
quadratic and cubic function, the increase in airflow to compensate for duct leakage means 
that fan power consumption increases significantly, with a large fraction used just to move the 
leaking air. Recent field measurements (Diamond et al. 2003) indicate that supply air leakage 
can increase fan power requirements considerably: a leaky system (10% leakage upstream of 
VAV boxes, and 10% downstream at operating conditions) uses 25 to 35% more fan power 
than a tight system (2.5% leakage upstream and 2.5% downstream at operating conditions). 
 
The objective of this paper is to discuss the merits of duct leakage metrics and test methods 
that are used today by the building industry, and to present measured data that demonstrate 
the need for measuring duct leakage flows. 
 
 
COMMON LEAKAGE METRICS 
 
The building industry uses numerous metrics to describe duct leakage. A common metric is 
leakage rate (ASHRAE 2005), which is the leakage flow that would occur per unit of duct 
surface area if all the leaks were exposed to the same reference pressure. Leakage class is a 
related metric and is simply the leakage rate divided by the reference pressure to the 0.65 
power. Standards and design specifications describe a wide range of reference pressures, and 
the reference is not necessarily the same as the average operating pressure in the system. 
ASHRAE suggests that the average leakage rate for unsealed (leaky) metal ducts at a 
reference pressure of 250 Pa is 2.5 L/(s·m2); recommended leakage rates for tight ducts are 5 
to 10 times smaller. Unfortunately, none of these estimates account for leaks at connections to 
grilles and diffusers, access doors, or duct-mounted equipment such as VAV boxes. 
 
Another common metric in design specifications is leakage flow fraction, which is the leakage 
flow divided by a reference airflow. For an entire duct system or for “high pressure” ducts 
upstream of VAV boxes, the appropriate reference is the supply fan airflow. For “low 
pressure” ducts downstream of VAV boxes, the appropriate reference is the flow entering the 
box. For average unsealed leaky ducts, SMACNA (1985) suggests that leakage fractions of 6 
to 77% can occur, depending on the system airflow and duct static pressure. To use this 
metric, one must know or estimate both the leakage flow and the reference flow. The 
following section describes the tests that industry currently uses to estimate these parameters. 
 
 
DUCT LEAKAGE TEST METHODS 
 
Instead of measuring total leakage flows at operating conditions, test and balance companies 
typically estimate the leakage rate using an industry-wide method (SMACNA 1985): 
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pressurize a sealed duct section using an auxiliary fan and, using a flow meter integrated with 
the injection apparatus, measure the airflow required to maintain a reference pressure 
difference (assumed to be the same across every leak). 
 
Unfortunately, because it is difficult to temporarily seal and test the often numerous “low 
pressure” ducts downstream of VAV boxes with this method, few guidelines or construction 
specifications require testing these ducts. Thus, testing focuses on the “high pressure” ducts 
(anecdotal evidence suggests that such tests sometimes are carried out even before branch 
ducts are attached). Not testing “low pressure” ducts downstream of VAV boxes is a problem, 
because these “branch” ducts can be a large fraction of the system and, as shown later in 
Figure 1, these ducts tend to be much leakier than upstream “main” ducts. Testing only the 
“high pressure” ducts does not guarantee a tight system if the “low pressure” ducts are leaky. 
Both parts of the duct system need to be tested. 
 
Even if the pressurization test was used to assess the leakage of the “low pressure” ducts, the 
variability of operating pressures in these ducts makes it difficult to define an appropriate 
reference pressure. To overcome this difficulty, whole-system leakage airflows at operating 
conditions can be determined by measuring the airflow out of each supply grille, and by 
measuring the supply fan airflow; the difference between the sum of the grille airflows and 
the supply fan airflow is the leakage. If desired, the leakage of individual duct sections can 
also be tested by measuring the inlet flow to the section. It is necessary to keep the supply fan 
airflow and all VAV box damper positions (when applicable) constant during the test. 
 
In practice, conventional flow measurement methods generally are not accurate enough to 
assess duct leakage flows. For example, pitot-static tube traverses to measure duct and fan 
airflows have an accuracy of only about 5 to 10%. Our recent laboratory tests of 
commercially-available flow capture hoods indicate that many hoods have substantial bias 
and precision errors (10 to 20%), although some hoods are quite accurate (2 to 5%). 
 
Less-conventional methods can accurately measure leakage flows. These tests involve 
constant-injection tracer gas techniques (with expensive gases and analyzers and with careful 
attention to mixing) to measure supply fan airflows (accuracy of 3 to 4%), and powered flow-
hoods to measure supply grille airflows (accuracy of 1 to 2%). Powered hoods are insensitive 
to the flow non-uniformities that lead to errors with conventional hoods. However, powered 
hoods are slow and cumbersome to use, especially in occupied buildings (e.g., it took five 
people 12 hours to measure airflows from about 100 supply grilles in one building). To make 
leakage flow measurements more practical, inexpensive, rapid, and accurate tracer-gas based 
systems with enhanced mixing need to be made commercially available. 
 
 
DUCT PRESSURIZATION TEST RESULTS 
 
Figure 1 shows the few duct pressurization test data that researchers have collected over the 
past several years in nine U.S. large commercial buildings (Xu et al. 1999, 2000; Fisk et al. 
1999; Diamond et al. 2003). These data include VAV, CAV (constant-air-volume), and dual-
duct systems, and both “high-pressure” (“main”) and “low-pressure” (“branch”) duct sections. 
For VAV systems, the data include fan-powered boxes (“VAV Fan”) and cooling-only boxes. 
Most of the systems supply air through rectangular diffusers, but some use slot diffusers. 
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Figure 1: Duct Leakage Rates 
 
Figure 1 suggests that there is a wide range of duct leakage in U.S. large commercial 
buildings. On average, branch ducts are about three times leakier than main ducts (perhaps in 
part because the branch ducts are not usually tested). Even many of the main ducts, which 
might have been tested during post-construction test and balance activities, are leakier than 
the average unsealed leakage rate suggested by ASHRAE. 
 
Building 2 (B2) contains the system used by Diamond et al. (2003) to assess the fan power 
impacts of duct leakage. The intent of the study was to seal leaky ducts and to measure the 
resulting change in fan power. The pressurization test data in Figure 1 indicate that the branch 
ducts are leaky; however, as described in the next section, it turned out that the duct system 
was actually very tight in terms of leakage flows, and substantial duct leakage had to be added 
instead to carry out the study. 
 
 
DUCT LEAKAGE AIRFLOW TEST RESULTS 
 
Figure 2 shows measured leakage flow fractions for 10 systems in nine U.S. large commercial 
buildings. The data are for whole-systems, as well as duct branches. The reference flows that 
we measured at operating conditions are listed for each test. Where corresponding duct 
pressurization test data are available, we used these data to estimate the leakage fraction that 
the tested part of the duct system would experience at its average operating pressure. In other 
words, for the conditions at which the leakage flow measurements were made, we calculated 
the leakage fraction that would be implied by the standard industry pressurization test (if it 
were applied to the duct sections included in the measured leakage flow test). For whole-
systems, we estimated leakage flows section by section using the average operating pressure 
associated with each section, and then divided the sum by the total inlet flow for the system. 
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Figure 2: Duct Leakage Flow Fractions 
 
The discrepancies between measured and estimated leakage flow fractions mean that the 
estimates are not a reliable indicator of actual leakage, and leakage flows need to be 
measured. In particular, the estimated fraction for Building 1 is seven times greater than the 
measured fraction. This estimate is not useful to show compliance with design specifications, 
and could lead to adversarial relations between designers, installers, and test and balance 
contractors. One can imagine the installer being told to do a better job, because the estimate 
indicates the ducts are leaky, when in fact the workmanship is good and the ducts are tight. 
 
The principal reasons for discrepancies are that the pressurization tests unintentionally 
included gaps between diffusers and the ceiling grid, and the operating pressures at these gaps 
and at other leaks are lower than the average operating pressure. During the test, diffusers 
were sealed with a covering fastened to the adjacent ceiling grid, which means that the 
diffuser-grid gaps were inside the sealed system during the test. Consequently, the gaps 
appear to be duct leaks, even though they are not leaks during normal operation. 
 
Figure 2 indicates that there may be a substantial number of leaky duct systems in the 
building stock: three systems had low leakage (less than 5% of duct inlet flow), and seven had 
substantial leakage (9 to 26%). There is also good news: some installers already can produce 
tight duct systems. Rather than requiring new construction and sealing techniques, it appears 
that installers of leaky systems only need training to use industry best practices. Measuring 
duct leakage flows would help demonstrate progress toward this goal. 
 
As a retrofit to reduce leakage, the duct systems in Building 8 were sealed using aerosol-
based sealants. Our tests on Branch 2 indicate that the sealing substantially reduced leakage. 
Note that the reduced inlet airflow after sealing is likely because the building operators 
adjusted the fan speed between tests, and is not caused by the sealing itself. The estimated 
leakage flow fraction agrees well with the measured fraction for the “sealed” case. Small 
estimated fractions are good indicators of a tight system; the converse is not true for large 
fractions that indicate a system is leaky. 
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SUMMARY 
 
Duct leakage can considerably increase fan energy use in large commercial buildings. 
Industry-wide methods of assessing leakage are based on pressurization tests of “high 
pressure” ducts, and make broad assumptions regarding the interactions between leaks and 
duct static pressure. Even though “low pressure” ducts can be a large fraction of the system 
and tend to be leaky, few guidelines or construction specifications require testing these ducts. 
Both parts of a duct system need to be tested. 
 
We have used complex techniques to measure leakage flow fractions for ten large commercial 
duct systems at operating conditions: three had low leakage (less than 5% of duct inlet flow), 
and seven had substantial leakage (9 to 26%). Comparisons of these fractions with fractions 
estimated using the industry method show that small estimated fractions are a good indicator 
that a system is tight; the converse is not true for large fractions that indicate a system is 
leaky. Leakage flows need to be measured to properly commission a duct system. 
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Executive Summary 
The primary purpose of the 2008 Nonresidential Standards is “to further reduce growth in 
electrical and natural gas use and demand in nonresidential buildings while providing 
improved indoor environmental conditions and reducing greenhouse gasses and other 
emissions.” To address this purpose, the objectives of this White Paper are to provide an 
analysis of the impact that the required but limited air leakage testing and validation 
procedures have on building energy consumption, and to recommend means and methods 
to improve the procedures that will reduce energy consumption in nonresidential buildings. 
To achieve these objectives, the Nonresidential Standards and supporting documents1 
were reviewed, other literature was reviewed, and a thermodynamic analysis was 
conducted. 

These reviews revealed that heating, cooling and ventilation has been reported to account 
for about 28% of commercial building electricity use in California.2  The Small HVAC 
System Design Guide:3 states that single package DX air conditioners are the most popular 
HVAC system type in new construction in the state, cooling about 44% of the total 
floorspace (page 4); the average combined supply and return air leakage in these small 
systems has been reported as exceeding 35% (page 5); and the “energy benefits from duct 
tightening are estimated to be about 20% of the annual cooling consumption in buildings 
where duct systems are located in an unconditioned space” (page 54).  Analysis indicates 
that these statistics are somewhat biased as they do not put in perspective the types and 
sizes of large HVAC systems that are installed in the residual 56% of the total floor space in 
new construction in the state, and do not indicate if they include those large buildings that 
are outside of the scope of the Title 24 2008 Building Energy Efficiency Standards for 
Nonresidential Buildings.  Moreover, literature demonstrates that measured air leakage 
rates in large HVAC duct systems are also significant, varying from less than 5% to more 
than 26% of duct inlet airflow for the sections tested, that fan power is a substantial 
fraction (35 – 50%) of HVAC energy use, and that a leaky system (10% leakage 
upstream of VAV boxes, and 10% downstream at operating conditions) can use 25 to 
35% more fan power than a tight system (2.5% leakage upstream and 2.5% 
downstream at operating conditions).4  Reports of measured reductions in building 
electrical or total building energy consumption rates due to reduced air leakage were not 
found in the reviewed literature. 

For buildings within its scope, the 2008 Nonresidential Standards require compliance with 
mandatory measures in addition to compliance with either a performance approach or a 
prescriptive approach to achieve the required “energy budgets.”  Within both the mandatory 
measures and the prescriptive approach, quantitative physical tests for duct air leakage and 
verification by a HERS Rater are required for a small subset of these buildings.  If the 
buildings do not have the conditions that define this subset or if the performance approach 
is used, these air leakage tests are not required. 

 
1  The 2008 Nonresidential Compliance Manual; the 2008 Nonresidential Appendices, and the 

Nonresidential Alternative Calculation Manual (ACM) Approval Method. 
2  Source IEQ RFP, December 2002, California Energy Commission No. 500-02-501.   
3  Small HVAC System Design Guide, October, 2003, CEC-500-03-082-A12. 
4  C.P. Wray, R.C. Diamond, and M.H. Sherman.  2005.  Rationale for Measuring Duct Leakage 

Flows in Large Commercial Buildings.  Lawrence Berkeley National Laboratories, Report LBNL-
58252, July 2005. 
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For the limited subset of duct systems defined in §144(k)1, 144k(2), 144k(3), 149(b)1D and 
149(b)1E, criteria for air leakage in air distribution systems (i.e., ductwork, equipment and 
terminal devices) are defined as “not to exceed 6% of nominal fan flow5” for new systems.  
For existing buildings, the criteria are “not to exceed 6% of nominal fan flow” for new 
systems; “not to exceed 15% of nominal fan flow” for combinations of new and existing 
systems, or more than 60% reduction in leakage prior to replacement; or verification 
through visual inspection by a HERS rater that the accessible leaks have been sealed.  
These values are to be tested at a duct pressurization of 25 Pa (0.1 in. w.g.), which does 
not necessarily represent the actual pressurization of nonresidential systems during 
operating conditions.   

These HERS field verification and diagnostic testing (FV/DT) procedures have evolved from 
previous editions first published for residential systems, beginning with the Phase I 
regulations that were established in 1999, and updated on 2005.  The first set of Standards 
for nonresidential buildings, which was also promulgated in 2005, included air leakage 
procedures and criteria that were nearly identical to those in the 2005 Standards for low-
rise residential buildings.  Except for editorial and reference updates, the air leakage 
procedures and criteria in the 2008 Standards for nonresidential buildings are nearly 
identical to those in the 2005 Standards.   

From this review and thermodynamic analysis, the following conclusions and 
recommendations are highlighted: 

1. Air leakage in HVAC distribution systems is an important aspect to the sustainable 
performance of a building, including health, safety, comfort, system performance, and 
energy consumption.  However, the functional air leakage testing procedures defined in 
the 2008 Nonresidential Standards, Compliance Manual and Nonresidential Appendix 
NA2 are limited to only two of five HVAC systems, which are intended for small 
buildings and areas.  For larger buildings and systems, a valid and reliable method of 
testing for leakage in the entire air distribution systems is not available and should be 
developed.  

2. The use of HERS procedures for nonresidential building systems is limited to those 
conditions that are defined in the mandatory section of the Standards, §125(a), 
prescriptive sections §§144(k), 149(b)1D and 149(b)1E, and Appendices NA 7.5.3.2, 
NA1 and NA2.  For all other nonresidential building systems, the HERS procedures are 
not thermodynamically valid and should not be used to document verification or 
acceptance of any requirements. 

3. Definitions and procedures for functional testing of the more than 56% of the floor area 
(i.e., larger buildings) in the state are not included in the Title 24 2008 Building Energy 
Efficiency Standards for Nonresidential Buildings.  These large buildings are likely to 
have more occupants and to consume more energy than the 44% of the buildings 
characterized as “small” in the 2003 Small HVAC System Design Guide.  To meet the 
stated goals of the 2008 Standards, a concentrated effort is needed to implement a 
standard set of means and methods to measure and verify the air tightness of air 
distribution systems together with the corresponding energy consumption for all new 
and existing nonresidential buildings in the state.   

 
5  “Fan flow” is determined either by direct measurement or, by default, as Q = (400cfm/Ton) x Rated 

Tonnage of Equipment.  The latter method leads to uncertain results regarding the air leakage 
criteria. 
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Introduction 
The Title 24 2008 Building Energy Efficiency Standards for Nonresidential Buildings, 
together with their Compliance Manual, Reference Appendices, and Alternative Calculation 
Manual (ACM) Approval Method have been adopted by the California Energy Commission 
and will become effective on 1 August 2009. 

One of the requirements in these 2008 Nonresidential Standards is physical testing of air 
leakage in duct systems for new and renovation projects, if a certain set of conditions exist.  
Under these conditions, verification by a certified HERS Rater is also required.  If these 
conditions do not exist, physical testing and verification of duct air leakage is not required 
by these Standards. 

As the primary purpose of the 2008 Nonresidential Standards is “to further reduce growth in 
electrical and natural gas use and demand in nonresidential buildings while providing 
improved indoor environmental conditions and reducing greenhouse gasses and other 
emissions,” the objectives of this White Paper are to provide an analysis of the impact that 
these required but limited air leakage testing and validation procedures have on building 
energy consumption, and to recommend means and methods to improve the procedures 
that will reduce energy consumption in nonresidential buildings.  

 

Basis of Consideration 
To achieve these objectives, the Nonresidential Standards and supporting documents6 
have been reviewed with particular focus on the required procedures for ascertaining the 
energy impact of air leakage in the duct systems for new or renovation projects that are 
within the scope of the Title 24 2008 Building Energy Efficiency Standards.  This scope 
includes all sizes and types of buildings such as offices, retail and wholesale stores, 
grocery stores, restaurants, assembly and conference areas, industrial work buildings, 
commercial or industrial storage, schools and churches, theaters, hotels and motels, 
apartment and multi-family buildings and long-term care facilities with four or more 
habitable stories.  Of particular note, the scope excludes CBC Group I buildings such as 
hospitals, daycare, nursing homes and prisons or buildings, which are outside of the 
jurisdiction of the California Building Codes. 

For buildings within its scope, the 2008 Nonresidential Standards require compliance with 
mandatory measures in addition to compliance with either a performance approach or a 
prescriptive approach to achieve the required “energy budgets.”  Within both the mandatory 
measures and the prescriptive approach, quantitative physical tests for duct air leakage and 
verification by a HERS Rater are required for a small subset of these buildings.  If the 
buildings do not have the conditions that define this subset or if the performance approach 
is used, these air leakage tests are not required.  In the performance approach, an explicit 
energy consumption rate is calculated and compared to an “energy budget” through 
computer programs approved by the Energy Commissioner, but an explicit energy impact 
assessment is not required if the prescriptive approach is used, whether or not the subset 

 
Page 1 

                                                 
6  The 2008 Nonresidential Compliance Manual; the 2008 Nonresidential Appendices, and the 

Nonresidential Alternative Calculation Manual (ACM) Approval Method. 
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of conditions exists that defines the need for quantitative physical testing and HERS Rater 
verification.   

Through a review of literature and a thermodynamic analysis, this White Paper evaluates 
these approaches and conditions and provides recommendations for improvements to 
ascertain reductions in energy consumption through control of duct air leakage in all 
nonresidential buildings that are within the scope of the Title 24 2008 Building Energy 
Efficiency Standards. 

 

Review of Literature 

Goals and Purpose of the 2008 Nonresidential Standards.   
According to its website link,7 the California Energy Commission adopted the changes in 
the Title 24 2008 Building Energy Efficiency Standards for the following reasons:  

• “To provide California with an adequate, reasonably-priced, and environmentally-
sound supply of energy. 

• To respond to Assembly Bill 32, the Global Warming Solutions Act of 2006, which 
mandates that California must reduce its greenhouse gas emissions to 1990 
levels by 2020. 

• To pursue California energy policy that energy efficiency is the resource of first 
choice for meeting California's energy needs. 

• To act on the findings of California's Integrated Energy Policy Report (IEPR) that 
Standards are the most cost effective means to achieve energy efficiency, expects 
the Building Energy Efficiency Standards to continue to be upgraded over time to 
reduce electricity and peak demand, and recognizes the role of the Standards in 
reducing energy related to meeting California's water needs and in reducing 
greenhouse gas emissions. 

• To meet the West Coast Governors' Global Warming Initiative commitment to 
include aggressive energy efficiency measures into updates of state building 
codes. 

• To meet the Executive Order in the Green Building Initiative to improve the energy 
efficiency of nonresidential buildings through aggressive standards.” 

The Introduction to the 2008 Nonresidential Compliance Manual (page 1-3) describes these 
goals more specifically8: 

• “The 2008 Standards [for residential and nonresidential buildings] are expected to 
reduce the growth in electricity use by 561 gigawatt-hours per year (GWh/y) and 
reduce the growth in gas use by 19.0 million therms per year (therms/y).  The 
savings attributable to new nonresidential buildings are 459 GWh/y of electricity 
savings and 11.5 million therms.”…  “Savings from the application of the 
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7  http://www.easytitle24.com/help/what_you_need_to_know_commercial.pdf. 
8  2008 Building Energy Efficiency Standards Nonresidential Compliance Manual (Commission Draft 

Manual) – Final Draft for approval 14 January 2009, CEC-400-2008-017-CMD. 
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Standards on building alterations accounts for 270 GWh/y and 8.2 million therms.  
These savings are cumulative, doubling in two years, tripling in three, etc.” 9 

• “Since the California electricity crisis, the Energy Commission has placed more 
emphasis on demand reduction.  The 2001 and 2005 standards resulted in 330 
megawatts (MW) of demand reduction.  The 2008 Standards are expected to 
reduce electric demand by another 132 MW each year.  Nonresidential buildings 
account for 95 MW of these savings.  Like energy savings, demand savings 
accumulate each year.”10 

• “Comfort is an important benefit of energy efficient buildings.  Energy efficient 
buildings include properly designed HVAC systems, which provide improved air 
circulation, and high performance windows and/or shading to reduce solar gains 
and heat loss.” 

• “The Standards [are] expected to have a significant impact on reducing 
greenhouse gas and other air emissions: carbon dioxide would be reduced by 
473,000 tons first year of construction, cumulative each year thereafter.” 

Compliance Requirements. 
As indicated in several sections of the 2008 Nonresidential Compliance Manual, the 
Standards focus on performance and prescriptive methods to reduce envelope, lighting, 
and ventilation loads and on methods to improve energy efficiencies for transporting air 
and water to provide the required thermal conditions in occupied spaces:  

• Chapters 3 and 5-7 describe mandatory measures and prescriptive requirements 
that affect envelope and lighting loads.  Although these loads are not the focus of 
this White Paper, they are strong determinants in designing the types and sizes of 
HVAC systems and associated air distribution systems. 

• Chapter 4 describes mandatory measures and prescriptive requirements that 
affect ventilation loads and energy efficiencies of HVAC and water heating 
systems, which are the focus of this White Paper.  This chapter also recognizes a 
performance method, which allows the designer to increase the efficiency or 
effectiveness of selected mandatory and prescriptive measures while decreasing 
the efficiency of other prescriptive measures in order to achieve a site-specific 
energy budget. 

• Chapter 9 describes a “whole building” performance approach to compliance.  
“The basic procedure is to show that the Time Dependent Valuation (TDV) energy 
of the proposed design is less than or equal to the TDV energy of the standard 
design, where the standard design is a building like the proposed design, but one 
that complies exactly with both the mandatory measures and prescriptive 
requirements.”  Compliance with this method is demonstrated through the use of 
an Energy Commission-approved public domain computer program or by Energy 
Commission-approved privately developed alternative calculation methods.11 
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9  The source of these statistics was not referenced in the Compliance Manual.  The bases are not 

defined from which the 2008 values are claimed. 
10  Ibid. 
11  2008 Nonresidential Alternative Calculation Manual (ACM) Approval Method.  December 2008.  

CEC-400-2008-003-CMF. 
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Of the two methods with which to achieve the nonresidential energy budgets, the 
performance approach12 allows compliance through a wide variety of design strategies and 
provides greater flexibility than the prescriptive approach.  It is based on energy simulation 
models of the buildings.  The performance approach requires an approved computer 
software program that models the proposed building, determines its allowed TDV energy 
budget, calculates its energy use, and determines when it complies with the TDV energy 
budget.  The performance requirements for HVAC and water heating systems are defined 
in Section 141 of the Standards.13   

• “If the performance method is utilized for the entire building, a compiled set of 
Certificate of Compliance documentation pages is prepared utilizing one of the 
compliance software applications approved by the Energy Commission.  
Certificate of Compliance documentation requirements are specified in §10-
103(a)1 and §10-103(a)2”14 in the 2008 Building Energy Efficiency Standards.  

• In accordance with §10-103(a)3B in the 2008 Building Energy Efficiency 
Standards:  “For all new nonresidential buildings, high-rise residential buildings 
and hotels and motels designated to allow use of an occupancy group or type 
regulated by Part 6, the applicant shall submit a Certificate(s) of Acceptance to the 
enforcement agency prior to receiving a final occupancy permit.  This Certificate of 
Acceptance is to include a “statement indicating that the applicant has 
demonstrated compliance with the acceptance requirements as indicated in the 
plans and specifications submitted under Section 10-103(a) and in accordance 
with applicable acceptance requirements and procedures specified in the 
Reference Nonresidential Appendix NA7.” 

• According to Section NA7.1 of Appendix NA7-200815 the purpose of these 
acceptance tests is to assure: “(1) The presence of equipment or building 
components according to the specifications in the compliance documents, and (2) 
Installation quality and proper functioning of the controls and equipment to meet 
the intent of the design and the Standards.”  Section NA7.5.3 defines acceptance 
tests for air distribution systems:  

 Section NA7.5.3.1 defines construction (i.e., qualitative) inspection that is to be 
conducted for all air distribution systems. 

 Section NA7.5.3.2 defines functional (i.e., quantitative) testing that is to be 
conducted in accordance with the procedures in Appendix NA2 for the subset 
of systems that is defined in §144(k), §149(b)1D or §149(b)1E; these tests are 
to be field-verified by a HERS Rater in accordance with Appendix NA1. 

The prescriptive approach16 is the simpler approach but offers relatively little design 
flexibility.  Each individual energy component of the proposed building must meet a 
prescribed minimum efficiency.  The prescriptive requirements for HVAC and water heating 
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12  Chapter 9, Nonresidential Compliance Manual. 
13  See Table 100-A, 2008 Building Energy Efficiency Standards, page 22. 
14  Chapter 2, 2008 Nonresidential Compliance Manual, Section 2.2.2. 
15  Appendix NA7-2008: Acceptance Requirements for Nonresidential Buildings, in 2008 Reference 

Appendices, CEC 400-2008-004-CMF. 
16  See prescriptive requirements in Chapters 3 through 8 in the Nonresidential Compliance Manual. 
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systems are defined in Sections 144 and 149 of the Standards.17  “If the design fails to 
meet even one of the requirements, then the system does not comply with the prescriptive 
approach.”18  The HERS field verification and diagnostic test (FV/DT) procedures are 
established in these sections through reference to Nonresidential Reference Appendix 
NA1.19 

HVAC Systems and Duct Air Leakage 
According to the Nonresidential Compliance Manual: “Mechanical systems are the second 
largest consumer of energy in most buildings, exceeded only by lighting.  The proportion of 
energy consumed for space-conditioning by various mechanical components varies 
according to system design and climate. For most buildings in non-mountainous California 
climates, fans and cooling equipment may be the largest consumers of energy.  Energy 
consumed for space heating is usually less than for fans and cooling, followed by service 
water heating.” 20 

Heating, cooling and ventilation account for about 28% of commercial building electricity 
use in California.21  The Small HVAC System Design Guide:22 states that single package 
DX air conditioners are the most popular HVAC system type in new construction in the 
state, cooling about 44% of the total floorspace (page 4); the most popular size is 5 tons, 
with units between 1-10 tons representing 90% of the total unit sales in new buildings in 
California in 2002 (page 5); the average combined supply and return leakage in these small 
systems has been reported as exceeding 35% (page 5); and the “energy benefits from duct 
tightening are estimated to be about 20% of the annual cooling consumption in buildings 
where duct systems are located in an unconditioned space” (page 54).   

These statistics are somewhat biased as they do not put in perspective the types and sizes 
of HVAC systems that are installed in the residual 56% of the total floor space in new 
construction in the state, which include large buildings (e.g., some with floor areas more 
than 500,000 square feet), and do not indicate if they include those buildings that are 
outside of the scope of the Title 24 2008 Building Energy Efficiency Standards for 
Nonresidential Buildings.  Moreover, measured air leakage rates in large HVAC duct 
systems are also significant.  It has been reported that they vary from less than 5% to more 
than 26% of duct inlet flow for the sections tested, that fan power is a substantial fraction 
(35 – 50%) of HVAC energy use, and that a leaky system (10% leakage upstream of 
VAV boxes, and 10% downstream at operating conditions) can use 25 to 35% more fan 
power than a tight system (2.5% leakage upstream and 2.5% downstream at operating 
conditions).23  Reports of measured reductions in building electrical or total building energy 
consumption rates due to reduced air leakage were not found in the reviewed literature. 
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17  See Table 100-A, Standards, page 22. 
18  Section 1.6.2, Nonresidential Compliance Manual, page 1-7. 
19  Nonresidential HERS Verification, Testing, and Documentation Procedures, NA1, in 2008 

Reference Appendices, CEC-40002008-004-CMF.. 
20  Section 4.1.1, Nonresidential Compliance Manual, page 4-2. 
21  Source IEQ RFP, December 2002, California Energy Commission No. 500-02-501.   
22  Small HVAC System Design Guide, October, 2003, CEC-500-03-082-A12. 
23  C.P. Wray, R.C. Diamond, and M.H. Sherman.  2005.  Rationale for Measuring Duct Leakage 

Flows in Large Commercial Buildings.  Lawrence Berkeley National Laboratories, Report LBNL-
58252, July 2005. 
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Mandatory Measures, Performance Requirements, and Prescriptive Requirements 
The mandatory measures that affect air distribution effectiveness and air leakage in all 
nonresidential buildings include compliance with requirements for ventilation (Subsections 
121(a) through (e)), controls (Subsections 122(a) through (h)), and construction of air 
distribution system ducts and plenums (Section 124).  The mandatory measures also 
require that a Certificate of Acceptance be submitted to the enforcement agency that 
certifies the equipment and systems in all nonresidential buildings meet the acceptance 
requirements (Section 125(a)).  Additionally, for a limited subset of duct systems defined in 
the prescriptive requirements (Sections 144(k)1, 144k(2), 144k(3), 149(b)1D, and 
149(b)1E), acceptance also requires passing specific functional tests in accordance with 
Appendix NA2, and field verification and diagnostic tests (FV/DT) by HERS raters in 
accordance with Appendix NA1 for air leakage in air distribution systems.  These tests are 
nearly identical to those required by the Standards for low-rise residential buildings. 

After the mandatory measures are met, the 2008 Standards allow mechanical system 
compliance to be demonstrated through performance or prescriptive “approaches.”  The 
performance approach requires the use of a computer program, which has been certified by 
the Energy Commission, and may only be used to model the performance of mechanical 
systems that are covered under the building permit application.24 

The performance approach (§141) is intended to allow the designer to increase the 
efficiency or effectiveness of selected mandatory and prescriptive measures, and to 
decrease the efficiency of other prescriptive measures.  In this approach, the proposed 
building’s use of Time Dependent Valuation (TDV) energy, which is calculated as described 
in Subsection 141(b), must be no greater than the TDV energy budget calculated under 
Subsection 141(a).  Approved compliance software is required for these calculations as 
specified in the Alternative Calculation Manual (ACM). 

• Of the five HVAC systems that comprise the approved models in Section 2.5.2.4 
of the ACM, only System Types 1 and 2 require explicit calculation of “duct 
(system) efficiency.”25  For these systems, Section 2.5.2.4 states: “ducts installed 
in unconditioned buffer spaces or outdoors as specified in §144(k), the duct 
system efficiency shall be as described in Section 2.5.3.18.”  No explicit definitions 
or criteria are provided for duct efficiencies for these systems, and no other 
requirements are defined for the other three System Types. 

• Section 2.3 of Appendix NA226 identifies input values for the computer model of a 
building with small HVAC systems (including ducts) using either default or 
diagnostic information to calculate duct efficiency. 27 
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The performance approach may be used for all building sizes and HVAC system types.  For 
the special cases defined by §125(a), HERS FV/DT is required if all of the conditions in 
§144(k), 149(b)1D or 149(b)1E exist.  However, the performance approach may be used to 

 
24  See §141(c)1 in 2008 Standards. 
25  Section 2.5.2.4: Standard Design Systems, in the Nonresidential ACM, CEC-400-2008-003-CMF.  

However, the term “duct efficiency” or “duct system efficiency” is not explicitly defined in the 
reviewed documents. 

26  Section 2.3 in Appendix NA2-Nonresidential Field Verification and Diagnostic Test Procedures, in 
2008 Reference Appendices, CEC 400-2008-004-CMF.,  

27  This is an important section as it indicates that the HERS obtained data are only used to input the 
energy model as the “Duct Leakage Factor.” 
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evaluate modifications that would preclude the requirement for HERS FV/DT, such as 
relocation of the ductwork, use of VAV in lieu of CAV systems, or increasing the number of 
thermostatic zones. 

The prescriptive approach in the 2008 Nonresidential Standards is used as an alternative to 
the performance approach.  While it is sometimes considered simpler than the performance 
approach, it offers little design flexibility.  Requirements in the prescriptive approach are 
used to qualify components and systems on an individual basis and are contained in 
Sections 144 and 149 of the Standards.  The prescriptive requirements that affect air 
distribution effectiveness or air leakage for all nonresidential buildings within the scope of 
the Standards include: §144(a) – Sizing and Equipment Selection; §144(c) – Power 
Consumption of Fans; §144(d) – Space-conditioning Zone Controls; §144(e)1 – 
Economizers; and §144(f) – Supply Air Temperature Reset Controls. 

For the limited subset of duct systems defined in §144(k)1, 144k(2), 144k(3), 149(b)1D and 
149(b)1E, criteria for air leakage in air distribution systems (i.e., ductwork, equipment and 
terminal devices) are defined as “not to exceed 6% of nominal fan flow28” for new systems.  
For existing buildings, the criteria are “not to exceed 6% of nominal fan flow” for new 
systems; “not to exceed 15% of nominal fan flow” for combinations of new and existing 
systems, or more than 60% reduction in leakage prior to replacement; or verification 
through visual inspection by a HERS rater that the accessible leaks have been sealed.  
These values are to be tested at a duct pressurization of 25 Pa (0.1 in. w.g.), which does 
not necessarily represent the actual pressurization of nonresidential systems during 
operating conditions.  The limitations in §144(k) are that the duct system: 

1. Is connected to a constant volume, single zone, air conditioners, heat pumps or 
furnaces; and 

2 Serving less than 5,000 square feet of floor area; and 

3 Having more than 25 percent duct surface area located in one or more of the 
following spaces: 

A. Outdoors; or 

B. In a space directly under a roof where the U-factor of the roof is greater than 
the U-factor of the ceiling; or 

EXCEPTION to Section 144(k)3B: Where the roof meets the requirements of 
143(a)1C. 

C. In a space directly under a roof with fixed vents or openings to the outside or 
unconditioned spaces; or 

D. In an unconditioned crawlspace; or 

E. In other unconditioned spaces. 

Additional limitations for duct systems that are installed in existing buildings are stated in 
§149(b)1D and §149(b)1E. 
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28  “Fan flow” is determined either by direct measurement or, by default, as Q = (400cf/Ton) x Rated 

Tonnage of Equipment.  The latter method leads to uncertain results regarding the air leakage 
criteria. 
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The procedure for determining the air leakage rates is specified in the 2008 Nonresidential 
Appendix NA2.  The use of these values is given in NA2.3.7, which gives leakage factors to 
be used in the computer simulations.  The default value of 0.82 is based on an assumed 
leakage rate for the Standard Design.  The “tested” values of 0.96 and 0.925 are given in 
Table NA2.1 for new and existing systems.  These leakage factors are to be used in the 
approved computer model to calculate the delivery effectiveness, which is defined in NA2.4 
as “the ratio of the thermal energy delivered to the conditioned space and the thermal 
energy entering the distribution system at the equipment heat exchanger.”  Neither criteria 
nor methods of calculation for acceptable values of delivery effectiveness are provided in 
the ACM or in NA2. 

Alternatives to the requirement for compliance with the air leakage criteria defined in 
§144(k)1, 144k(2), 144k(3), 149(b)1D and 149(b)1E are described in , criteria for air 
leakage in air distribution systems in Section 4.4.2 in the Nonresidential Compliance 
Manual: 

1. “Sealing the ducts can be avoided by insulating the roof and sealing the attic vents 
as part of a larger remodel, thereby creating a conditioned space within which the 
ducts are located, and no longer meets the criteria of §144(k).”   

2. “If one or more applicable prescriptive requirements cannot be met, the 
performance method may be used as explained in Chapter 9.” 

HERS Programs for Nonresidential Buildings 
As stated in the 2008 Reference Appendix NA1: 29 “Compliance for duct sealing of HVAC 
systems covered by §144(k), §149(b)1D, and §149(b)1E requires field verification and 
diagnostic testing of as-constructed duct systems by a certified HERS rater, using the 
testing procedures in the Reference Nonresidential Appendix NA2.”30  Appendix NA1 also 
states: “When field verification and diagnostic testing of specific energy efficiency 
improvements are a condition for those improvements to qualify for Title 24 compliance 
credit, an approved HERS provider and certified HERS rater shall be used to conduct the 
field verification and diagnostic testing.”   

These HERS field verification and diagnostic testing (FV/DT) procedures have evolved from 
previous editions first published for residential systems, beginning with the Phase I 
regulations that were established in 1999, and updated on 2005.  The first set of Standards 
for nonresidential buildings, which was also promulgated in 2005, included air leakage 
procedures and criteria that were nearly identical to those in the 2005 Standards for low-
rise residential buildings.  Except for editorial and reference updates, the air leakage 
procedures and criteria in the 2008 Standards for nonresidential buildings are identical to 
those in the 2005 Standards.  However, a significant change occurred in the scope of NA2 
compared to 2005 Nonresidential Appendix NG1: in section NA 2.1.1, the purpose and 
scope has eliminated the requirement for “calculating the annual and hourly duct system 
efficiency for energy calculations.”  It has also changed the word “calculations” to 
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29  2008 Reference Appendix NA1.1, page NA 1-1. 
30  2008 Reference Appendix NA2: Nonresidential Field Verifications and Diagnostic Test 

Procedures.  NA2.1: Air Distribution Diagnostic Measurement and Field Verification.  “Diagnostic 
inputs are used for the calculation of improved duct efficiency.” 

1/18/2012 77 of 288



For Review and Comment Only Do Not Copy! 

“procedures.”  The terms “duct efficiency” or “duct system efficiency” are not defined in the 
2008 Energy Efficiency Standards, Compliance Methods, or Reference Appendices. 

 

Thermodynamic Analysis 
Fundamentally, the processes that provide acceptable thermal and ventilation conditions for 
occupant health, comfort and well-being are similar for residential and nonresidential 
buildings: electricity, natural gas and other depletable resources are converted to energy 
forms that heat, cool, and clean the air in the HVAC equipment, which is then transported to 
and from the occupied spaces through the air distribution system.  The thermodynamic 
objective is also similar for residential and nonresidential buildings: to provide for the 
functional requirements of the facility while consuming the least amount of the depletable 
resources.  While the thermodynamic objective and processes are similar, significant 
differences exist between residential and nonresidential applications in the configurations of 
the HVAC and air distribution systems required to meet this objective.  These differences 
include: 

• Function and size of the facility;  

• Indoor environmental criteria for thermal, lighting, acoustic, and air quality;  

• External (i.e., envelope) and internal (i.e., lighting, ventilation, process) loads that 
must be dissipated from the various spaces, zones, and schedules in the building; 

• Capacity, controllability and reliability of the HVAC systems to dissipate the peak 
and partial loads; 

• Power and energy consumption. 

Function and Size of Facility. 
Low-rise Residential Facilities.  The primary function of a low-rise residential facility is to 
provide for the health, safety, security, and comfort of a single family or multiple families.  In 
the Title 2008 Residential Standards, low-rise single-family residences are less than four-
stories and multifamily residences are less than three stories.  Low-rise residential facilities 
are normally dominated by envelope loads but may also have significant electrical power 
requirements that contribute to the thermal loads.  HVAC systems for low-rise residential 
facilities typically consist of single-zone, CAV packaged DX and gas furnace or heat pump 
units with ducted supply and return air that serve up to approximately 2,000 ft2 of floor area; 
multiple systems may be required for larger residential facilities.  

Nonresidential Facilities.  The primary function of a nonresidential facility is to provide for 
the health, safety, security, and comfort of the total population of occupants, which requires 
consideration of the diversity and occupancy periods within the facilities (e.g., staff, visitors, 
customers, patients, students).  Additionally, these facilities must provide for the special 
conditions required to achieve functional performance and productivity objectives including 
office, educational, acute and chronic health care, security, sales and services, 
entertainment, high-rise residential, and hotel/motel and kitchen/restaurant.  High-rise 
residential and nonresidential facilities range in sizes to more than 2,000,000 square feet of 
floor area.  The size and function of these facilities have significant impact on the 
dominance of the thermal loads: buildings with floor plates larger than approximately 15,000 
square feet are more likely to be dominated by internal and ventilation loads, whereas the 
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smaller buildings are more likely to be dominated by the envelope loads.  The HVAC 
systems may be packaged or built-up with central chilled and hot water plants, have single 
or multiple zones, deliver CAV or VAV air through ducted supply and plenum or ducted 
return air that serve zones that vary from less than 100 to more than 2,000 ft2 of floor area; 
multiple systems may be required for larger nonresidential facilities.  

As revealed in this review, the HERS Programs for nonresidential buildings are limited to 
low-rise nonresidential buildings of three or fewer stories above grade that are served by 
two types of packaged single-zone systems:  Type 1, which have gas furnaces and electric 
air conditioning; and Type 2, which are electric heat pumps.31  According to §144(k), these 
HERS Programs are further limited to air duct systems that serve less than 5,000 ft2 floor 
area with single zone CAV, and that more than 25% of the duct surface area located either 
outdoors or in a semi-conditioned buffer area.   

According to the Small HVAC Design Guide, approximately 44% of the total commercial 
floorspace in California was serviced by single package DX air conditioners, that 90% of 
these were between 1-10 tons, and that the most common size was 5 tons, which 
represented about 24% of the sales in 2002.  At a nominal supply airflow rate of 1 cfm/ft2 
and an average capacity of 325 cfm/ton,32 a 15 ton unit would be required to service 5,000 
ft2 and a 5 ton unit would service approximately 1,625 ft2.  These small, single zone CAV 
units are typically not installed for buildings with more than four stories and are typically not 
used in buildings that provide critical functions. 

Data were not available that indicated how many of these small systems were installed with 
25% of the duct surface area located outdoors or in a semi-conditioned buffer area.  The 
number of small HVAC systems with 25% or more of its ductwork in these locations is 
critical to the assessment of the impact that the HERS Programs will have, as a reasonable 
alternative is to redesign the HVAC system to reduce the amount of this exposed ductwork.  
This redesign would eliminate the need for mandatory and prescriptive testing in 
accordance with §125(a) and 144(k), but would still require the sealing of the ductwork in 
accordance with §124. 

Indoor Environmental Quality. 
The thermal and air quality within occupied spaces can be enhanced by many energy 
efficiency opportunities; but can also be adversely affected by air leakage in the supply and 
in the exhaust air distribution systems.  The Small HVAC System Design Guide reports that 
the average combined supply and return leakage in these small systems can exceed 35% 
(page 5), but is not explicit with regard to the reference air flow (e.g., design airflow of the 
system?).  As revealed in the review, Wray et al33 have documented that significant air 
leakage of more than 26% of duct inlet flow rate can also occur in large HVAC systems.    

• Air leakage in the supply air distribution of all sizes of HVAC systems causes air to 
bypass the occupied space, which can result in insufficient amounts of supply air 
available to dissipate sensible and latent loads in the occupied zone(s).  This 
leakage can also result in loss of pressurization control and can exacerbate 
infiltration of heat, moisture, and other contaminants into the occupied zone(s). 
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31  See Tables N2-13 and N2-14 in 2008 Nonresidential ACM, page 2-61, CEC-400-2008-003-CMF. 
32  See Fig. 19, page 48, Small HVAC System Design Guide, October, 2003, CEC-500-03-082-A12 
33  Op cit (see Footnote 18). 
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• Air leakage in negatively pressurized exhaust air distribution of all sizes of HVAC 
systems results in air infiltration from the shafts or other spaces surrounding the 
ductwork, which diminishes the capture and removal of contaminants at the local 
or room inlets to the exhaust air system. 

• Testing to assure the tightness of supply and exhaust air of any size HVAC 
system can result in improved thermal and indoor air quality.  However, the HERS 
FV/DT Programs do not provide for testing, diagnosing, or verifying the impact of 
duct leakage on thermal and indoor air quality exposures, human responses, or 
occupant performances.   

Thermal and Ventilation Loads. 
Thermal and ventilation loads in occupied spaces (i.e., room loads) are independent of air 
leakage rates in supply and exhaust air ducts, as they are determined by the characteristics 
of the envelope, lighting and power requirements, and occupant density.  However, system 
or “block” loads are affected by air leakage, as the bypass air from supply duct leakage can 
inadvertently cool or heat the recirculated air to the air handling units, especially if the ducts 
are located outdoors or in an uncontrolled buffer area.  Also, air leakage in the exhaust 
ducts can waste the return air and impose incremental loads on the cooling and heating 
coils.  The HERS FV/DT requirements for duct leakage do not address methods of 
measurement or evaluation of the impact that air leakage has on thermal and ventilation 
loads.  However, the performance approach has the capability of providing calculated 
results to indicate the impact of air leakage on the system block loads. 

HVAC System Capacities and Controls. 
Capacities.  The design capacities of all sizes of HVAC systems are affected by the 
assumed and actual air leakage rates in the supply and exhaust air ductwork.  Typically, 
these leakage rates are assumed as minimal and specifications are written to provide the 
required sealing and testing, as required in §124 of the 2008 Building Energy Efficiency 
Standards.  In larger systems, however, methods of air leakage testing to assure 
compliance with air leakage criteria are not addressed in the references cited in §§124-125.  
As a minimum, the SMACNA test methods should be referenced in this Section for all sizes 
of ductwork.  The methods used by Wray et al34 also provide a solid foundation for 
developing procedures for air leakage testing in large HVAC systems. 

Nonresidential Appendix NA2.3.8.1 extends the method of testing from ductwork to air 
distribution systems, including the housings for the air handling units and the terminal units.  
However, the method in Appendix NA2.3.8.1 is limited to small systems and conditions 
defined in §§144(k), 149(b)1D and 149(b)1E.  The likely reason for this limitation is that a 
protocol for air distribution leakage testing of larger systems has not been developed or 
validated.35 

Controls.  Control strategies and sequences, which are not addressed by the HERS FV/DT 
Programs, are significantly affected by air distribution leakage rates.  Air leakage in the 
exhaust air distribution systems will result in reduced effectiveness of capture velocities at 
exhaust air inlets.  Air leakage in the supply air distribution system can result in: 

                                                 
34  Op cit.  (See Footnote 18). 
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• Unstable VAV control of air handling units by causing a false reduction in the duct 
static pressure at the sensor for the variable frequency drive (VFD) or variable 
speed controller for the supply fan. 

• Decreased sensitivity of zone thermostatic sensors or controllers for either VAV or 
CAV systems. 

• Increased contamination in occupied spaces, especially if CO2 or other 
contaminant control devices are located in the return air system. 

• Loss of control in sensitive positive or negative zone pressurization requirements, 
perimeter zones, and flow-tracking or differential pressure tracking of return air fan 
speed. 

• Unstable reset control of supply air temperature: higher reset temperatures will 
require increased airflow rates at the same loads, thus exposing the system to 
increased air leakage caused by the increased static pressure. 

• Unstable performance of air-side economizers and sensible or latent heat 
recovery devices between supply and exhaust air streams. 

Power and Energy Consumption. 
Changes in the 2008 Nonresidential Standards from 2005 have not been made to the 
prescriptive requirements in par 144(k) regarding duct air leakage testing.  Therefore, the 
CEC goal of incremental energy savings should not be expected from 144(k).  However, 
some changes in the 2008 performance requirements have occurred so incremental 
savings may be expected when using §141, the performance approach, especially in the 
approach to the Time Dependent Valuation of energy consumption. 

Time Dependent Valuation.  Beginning with the 2005 Standards, the “currency” for 
assessing building performance is Time Dependent Valuation (TDV) energy.36  TDV energy 
replaces source energy, the thermodynamic term that has been the currency since the CEC 
first adopted standards in 1978.  TDV, as the name implies, values energy differently 
depending on the time it is used.  According to the 2008 Nonresidential Compliance 
Manual, the values “assigned to energy savings through TDV more closely reflect the 
market for electricity, gas, propane and other energy sources and provides incentives for 
measures, such as thermal storage or daylighting that are more effective during peak 
periods.”  However, TDV is not a thermodynamic term and it confounds measures of energy 
and power for economic reasons. 

For the performance approach, the Commission-approved software calculates TDV energy 
for three main components: the space conditioning energy use, the lighting energy use, and 
the service water heating energy use.  It does not include energy for plug loads from 
computers (even though default values for the internal gains from plug loads are modeled in 
the hourly computer simulation), vertical transportation, garage ventilation, outdoor lighting 
or other miscellaneous energy uses (see Subsection 141(c) 3 – Energy Excluded).  This is 
a major omission as these “nonregulated” loads can account for 25-50% or more of the 
actual energy consumed by a building.  This omission has significant impact on the 
calculated percentage of energy wasted by air distribution leakage, as the omission will 
result in an inflated value (i.e., percentage).  This omission was a customary practice prior 
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to publication of ASHRAE Standard 90.1-2004.  This omission is now recognized as not 
providing a valid representation of the energy that is expected to be consumed after the 
building is delivered and is operational. 

Energy Efficiency.  One of the goals the CEC expressed in adopting changes in the Title 24 
2008 Building Energy Efficiency Standards was “to pursue California energy policy that 
energy efficiency is the resource of first choice for meeting California’s energy needs.”  
Toward this goal, Section 4.10.1 of the Compliance Manual defines energy efficiency as “a 
measure of how effectively the energy is converted or regulated.  It is expressed as the 
ratio:  

 Eff = Output/Input   Equation 4-1. 

“The units of measure in which the input and output energy are expressed may be either 
the same or different, and vary according to the type of equipment. The Standards use 
several different measures of efficiency.”  Calculating this energy efficiency in terms of 
TDVs will provide answers that will be different than the energy efficiency calculated in 
thermodynamic values of the resources and the results will not be amenable to 
comparisons with measured or metered energy data collected after occupancy.  Analysis of 
how air leakage rates will affect energy efficiency in these terms is beyond the scope of this 
White Paper. 

Power and Demand.  Power is the rate of using energy.  Typical measures of power are 
Watts and Btu/hr and typical measures of energy are Watt-hours and Btu.   

Air leakage will directly affect the “total fan system power demand” (see §144(c).) and 
resultant energy consumption.  All air distribution systems should be tested to specified 
minimum air leakage rates, using standardized methods for ducts, plenums, cavities, and 
terminal units.   

• For smaller systems, the methods specified in Appendices NA7.5.3.2 and NA2 for 
the subset of systems that is defined in §144(k), §149(b)1D or §149(b)1E has a 
good thermodynamic basis but also has some deficiencies: 

 These air distribution systems should be tested at design values of total static 
and external static pressures; not at the arbitrary static pressure of 25 Pa 
specified for the HERS method. 

 The airflow rate used as a reference should be the actual design or measured 
value; not the arbitrary value derived from the nominal tonnage and the 
conversion factor of 400cfm/Ton. 

• For larger systems, additional standardization is required.  The methods used by 
Wray et al37 and those being developed by SMACNA38 are good foundations.  For 
these systems, the tests should be conducted at the design static pressure and at 
the inlet airflow rate for the section to be tested. 

In determining “total fan system power demand” according to the prescriptive approach 
§144(c)3 for large and small systems, the additional “power demand” caused solely by air 
treatment or filtering systems with final pressure drops more than 245 Pascals (1 in. w.c.), 
the pressure drop over 245 Pa may be excluded from the calculations.  This exclusion is 

                                                 
37  Op cit (see Footnote 18). 
38  Op cit (see Footnote 30). 
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not thermodynamically rational as power is actually required to provide for these functions.  
Moreover, the location of the filters or process loads may directly affect external static 
pressures and associated duct air leakage rates.   

Energy Impact of Air Distribution Leakage. 
The Small HVAC System Design Guide:39 estimated that the “energy benefits from duct 
tightening are estimated to be about 20% of the annual cooling consumption in buildings 
where duct systems are located in an unconditioned space” (page 54).  The projected 20% 
energy reduction is apparently for each small building with ductwork in buffer areas and in 
which the air leakage has been reduced from 35 to 6%.  As the number of buildings in 
which this condition exists is unknown, the potential state-wide impact of air distribution 
leakage in small buildings is also unknown. 

Comparable information regarding air leakage in larger buildings and HVAC systems was 
found in one study40 reviewed for this White Paper, but the energy impact of reducing the 
air leakage on total energy or electrical consumption was not reported.  Although the 
energy impact of air distribution leakage in larger buildings and HVAC systems is likely to 
exceed the impact for small buildings, this impact on the larger building is only addressed in 
the 2008 Building Energy Efficiency Standards through the performance approach.  An 
analysis of this impact on a building, or statewide impact, is beyond the scope of this White 
Paper. 

For small systems, Section NA2.4 provides a definition for delivery effectiveness: “The ratio 
of the thermal energy delivered to the conditioned space and the thermal energy entering 
the distribution system at the equipment heat exchanger.”  However, neither criteria nor 
calculation methods for acceptable values of delivery effectiveness are provided in the ACM 
or NA2.  Although used in the 2008 Nonresidential Building Energy Efficiency Standards 
and its associated documents, no specific definitions for “duct efficiency,” “duct system 
efficiency” or HVAC distribution efficiency” have been found the reviewed documents.  The 
application of these terms is apparently directed to the performance approach. 

Thermodynamically, air leakage in ductwork will not only adversely affect the electrical 
consumption due to wasted fan power, but it will also impose false loads on the heating and 
cooling coils and result in additional waste of electricity, natural gas, and other energy 
resources.  The Energy Commission approved software should be capable of ascertaining 
these wastes if queried appropriately.  However, there is a dearth of actual data with which 
to calibrate these models or to verify that the energy reductions are actually occurring 
during building operations.  

Impact of HERS Procedures. 
As stated in the 2008 Reference Appendix NA1:41 “Compliance for duct sealing of HVAC 
systems covered by §144(k), §149(b)1D, and §149(b)1E requires field verification and 
diagnostic testing of as-constructed duct systems by a certified HERS rater, using the 
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39  Small HVAC System Design Guide, October, 2003, CEC-500-03-082-A12. 
40  Op cit (see footnote 18). 
41  2008 Reference Appendix NA1.1, page NA 1-1. 
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testing procedures in the Reference Nonresidential Appendix NA2.42”  Therefore, by 
inference, compliance for duct sealing of larger HVAC systems is not covered by these 
sections and does not require FV/DT by certified HERS rater.   

As stated in Section NA2.1: Air Distribution Diagnostic Measurement and Field Verification, 
the purpose of these procedures is to obtain “diagnostic inputs [that] are used for the 
calculation of improved duct efficiency,” which are not clearly defined as indicated above.   

Section NA2.1.1 limits the scope to procedures for measuring air leakage in “single zone, 
constant volume heating and air conditioning systems serving zones with 5000 ft2 of floor 
area or less, with duct systems located in unconditioned or semi-conditioned buffer spaces 
or outdoors.”  The procedures described in NA2.3.8.1 and NA2.3.8.2, for new and altered 
systems, are thermodynamically valid but may not provide accurate results due to some of 
the assumed conditions.  The results from these procedures are apparently intended to 
provide inputs to determine “duct leakage factors” as shown in Table NA2-1 and described 
in Section NA2.3.7.  These procedures are limited to small, single-zone, CAV systems with 
relatively low total and external static pressures and are not thermodynamically valid for 
larger HVAC systems.  Values for “duct leakage factors” for larger air distribution systems 
were not found in the reviewed literature, but may be imbedded in the Commission-
approved software for the performance approach to building energy efficiency evaluations. 

 

Conclusions and Recommendations 
1. Air leakage in HVAC distribution systems is an important aspect to the sustainable 

performance of a building, including health, safety, comfort, system performance, and 
energy consumption.  However, the functional air leakage testing procedures defined in 
the 2008 Nonresidential Standards, Compliance Manual and Nonresidential Appendix 
NA2 are limited to only two of five HVAC systems, which are intended for small 
buildings and areas.  For larger buildings and systems, a valid and reliable method of 
testing for leakage in the entire air distribution systems is not available and should be 
developed.  

2. Acceptance tests in accordance with Appendix NA7-2008 must include targeted 
inspection checks and functional and performance testing to determine compliance with 
the 2008 Building Energy Efficiency Standards.  Appendix NA7-2008 defines 
acceptance procedures and tests which must be certified for the building envelope 
(NA7.4), mechanical systems (NA7.5), indoor lighting control systems (NA7.6), and 
outdoor lighting (NA7.7).  A Certificate of Acceptance must be issued by the licensed 
responsible party before a final Certificate of Occupancy will be issued. 

4. Section NA7.5.3.2: Functional Testing for Air Distribution Systems, is the only 
requirement that refers to HERS Rater field verification of air distribution leakage, which 
requires completion in accordance with NA1.  In this case, the HERS Rater must submit 
the field verification to the licensed responsible party who includes it with the package of 
Certificates of Acceptance. 
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42  2008 Reference Appendix NA2: Nonresidential Field Verifications and Diagnostic Test 

Procedures.  NA2.1: Air Distribution Diagnostic Measurement and Field Verification.  “Diagnostic 
inputs are used for the calculation of improved duct efficiency.” 
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5. The use of HERS procedures for nonresidential building systems is limited to those 
conditions that are defined in the mandatory section of the Standards, §125(a), 
prescriptive sections §§144(k), 149(b)1D and 149(b)1E, and Appendices NA 7.5.3.2, 
NA1 and NA2.  For all other nonresidential building systems, the HERS procedures are 
not thermodynamically valid and should not be used to document verification or 
acceptance of any requirements. 

6. Definitions and procedures for functional testing of the more than 56% of the floor area 
(i.e., larger buildings) in the state are not included in the Title 24 2008 Building Energy 
Efficiency Standards for Nonresidential Buildings.  These large buildings are likely to 
have more occupants and to consume more energy than the 44% of the buildings 
characterized as “small” in the 2003 Small HVAC System Design Guide.  To meet the 
stated goals of the 2008 Standards, a concentrated effort is needed to implement a 
standard set of means and methods to measure and verify the air tightness of air 
distribution systems together with the corresponding energy consumption for all new 
and existing buildings in the state.   

END OF REPORT 
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Executive Summary 

Introduction. Previous research suggests that HVAC thermal distribution systems in 
commercial buildings suffer from thermal losses, such as those caused by duct air leakage and 
poor duct location. Due to a lack of metrics and data about the potentially large energy savings 
from reducing these losses, the California building industry has mostly overlooked energy 
efficiency improvements in this area. 

Purpose. The purpose of this project is to obtain the technical knowledge needed to properly 
measure and understand the energy efficiency of thermal distribution systems in commercial 
buildings. We expect that this new information will assist the California building industry in 
designing better thermal distribution systems for new commercial buildings and in retrofitting 
existing systems to reduce their energy consumption and peak electrical demand. 

Project Objectives. The specific technical objectives for this project were to: 

1. Develop metrics and diagnostics (“yardsticks” and measurement techniques) for determining 
the efficiencies of commercial thermal distribution systems. 

2. Develop information that the California building industry (e.g., HVAC system design 
engineers and installers) can use to design new thermal distribution systems, estimate energy 
efficiency, and prevent or reduce the incidence of problems that have been identified in 
existing commercial thermal distribution systems. 

3. Determine the energy impacts associated with duct leakage airflows in an existing large 
commercial building, which could be mitigated by applying duct retrofit technologies. 

Project Outcomes: Based on the project objectives, the project has three primary outcomes: 

Metrics & Diagnostics. The most important metric that we identified and defined characterizes 
the overall efficiency of the thermal distribution system in large commercial buildings: transport 
energy (e.g., total energy used to transport air) per unit thermal energy delivered. This metric is 
useful for comparing the relative performance of various types of thermal distribution systems. 
We recommend that California’s Title 24 compliance process for large commercial buildings 
include quantification of this metric. 

Our field tests of diagnostics focused on measurements of duct leakage airflows, fan airflows, 
and fan power. In particular, of the two duct leakage diagnostics that we tested, only one reliably 
determined duct leakage airflows: it involves accurately measuring airflows entering and exiting 
the duct system—the difference is the duct leakage. With further development and testing, we 
expect this diagnostic will be useful in developing a database that characterizes the distribution 
of duct leakage airflows in California’s large commercial buildings. 

Characterization. Because there has been very little characterization of the actual performance 
of thermal distribution systems in large commercial buildings, we carried out an extensive 
characterization of one of these systems. After this characterization, we determined that the test 
building showed every indication of a “tight” thermal distribution system: good application of 
mastic, metal bands at joints, and overall high quality. To demonstrate duct leakage impacts, we 
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installed temporary calibrated leaks and monitored their effects on the system energy 
consumption and demand. 

Energy impacts. The principal outcome from this project is that duct leakage airflows can have 
a significant energy impact in large commercial buildings. Our measurements indicate that 
adding 15% duct leakage at operating conditions leads to an increase in fan power of about 25 to 
35%. These findings are consistent with the impacts of increased duct leakage airflows on fan 
power that have been predicted by previous simulations. 

Conclusions. The primary outcome from this project is the measured confirmation that duct 
leakage airflows can significantly increase fan energy consumption in large commercial 
buildings. In addition, we have defined a new metric for distribution system efficiency, 
demonstrated a reliable test for determining duct leakage, and developed new techniques for duct 
sealing. The parallel story in the residential and small commercial sector has shown that from the 
comparable stage in that research to maturity of technology adoption (e.g., commercialization 
and inclusion in standards) was approximately ten years. We conclude that a concerted effort will 
be necessary to make the same—or better—progress for the large commercial sector. 

Recommendations. Based on the project findings, our recommendations for further work are: 

• Further develop the duct leakage airflow diagnostic and submit it to the American Society 
for Testing and Materials (ASTM) for adoption as a standard method of test. 

• Work with California’s Title 24 staff to introduce a requirement for quantifying and 
reporting the “overall efficiency of the distribution system” metric for new large 
commercial buildings. Once we have a good understanding of the range of duct system 
efficiencies from reported data, we could then use these data to set guidelines for 
minimum acceptable levels. 

• Develop specifications for maximum allowable duct leakage airflows and for duct sealing 
in new construction. 

• Continue collaborative work with the U.S. Department of Energy, University of 
California, and private sector (e.g., Carrier, Eley Associates, Taylor Engineering) to 
transfer information to the building industry. 

• Evaluate the performance of the thermal distribution system at the demonstration building 
over a heating season, with and without the added duct leakage. The investment of time 
and equipment at the demonstration building makes it worthwhile to continue monitoring 
the system in order to look at energy savings over the year. 

• Survey additional sites to start a database of duct leakage characteristics in large 
commercial buildings. This work is currently planned with funding from the U.S. 
Department of Energy and would benefit from co-funding by the CEC. 

Benefits to California. We have identified several benefits that result directly from this study or 
that will accrue over time as necessary information and infrastructure develops further: 

Benefits in electricity savings. The primary benefits from having tight duct systems are 
electricity savings. We estimate that eliminating duct leakage airflows in half of California’s 
existing large commercial buildings has the potential to save about 560 to 1,100 GWh annually 
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(about $60-$110 million per year or the equivalent consumption of about 83,000 to 170,000 
typical California houses), and about 100 to 200 MW in peak demand. 

Benefits to future buildings. The identification of a metric for characterizing distribution 
system performance allows us to recommend its inclusion in the next round of California’s Title 
24 as a way of characterizing the new building stock. Once we have a good database of new duct 
system characteristics, we can set reasonable targets for distribution system performance, which 
will ultimately lead to further energy savings in this sector. 

Benefits to new buildings in the UC system. As an outgrowth of our work on this project, we 
have been working with members of the design team on duct specifications for the new 
University of California at Merced campus. In particular, we have reviewed the draft design 
documentation for their duct systems and recommended changes to the specifications. While we 
do not have a specific energy saving calculated for this work, we see the benefits extending to 
other UC campuses once others use these specifications. 

Benefits in building operations and maintenance. A willing partner in this work has been 
Thomas Properties, a major manager of buildings, both public and private. Through this study, 
they have seen the benefits not only of improvements in duct diagnostics, but also in feedback on 
their HVAC system performance via the EMCS. By working closely with the private sector, we 
have seen the transfer of knowledge and the improvements in building operation in a major 
public facility. 

Benefits to future engineers. A key aspect of our research team has been the inclusion of 
numerous students. While they may not have appreciated the long hours at the field site, they are 
now familiar with a number of important lessons about the performance of thermal distribution 
systems. As future engineers—not all of who may practice in California—we expect that some 
will become leaders in this area. 
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Abstract 
Previous research suggests that HVAC thermal distribution systems in commercial buildings 
suffer from thermal losses, such as those caused by duct air leakage and poor duct location. Due 
to a lack of metrics and data showing the potentially large energy savings from reducing these 
losses, the California building industry has mostly overlooked energy efficiency improvements in 
this area. The purpose of this project is to obtain the technical knowledge needed to properly 
measure and understand the energy efficiency of these systems. This project has three specific 
objectives: to develop metrics and diagnostics for determining system efficiencies, to develop 
design and retrofit information that the building industry can use to improve these systems, and 
to determine the energy impacts associated with duct leakage airflows in an existing large 
commercial building. The primary outcome of this project is the confirmation that duct leakage 
airflows can significantly impact energy use in large commercial buildings: our measurements 
indicate that adding 15% duct leakage at operating conditions leads to an increase in fan power of 
about 25 to 35%. This finding is consistent with impacts of increased duct leakage airflows on 
fan power that have been predicted by previous simulations. Other project outcomes include the 
definition of a new metric for distribution system efficiency, the demonstration of a reliable test 
for determining duct leakage airflows, and the development of new techniques for duct sealing. 
We expect that the project outcomes will lead to new requirements for commercial thermal 
distribution system efficiency in future revisions of California’s Title 24. 

Keywords: Buildings, HVAC, ducts, fans, energy, metrics, diagnostics, retrofits 

1. Introduction 

1.1 Background 
Heating, ventilating, and air conditioning (HVAC) equipment in California commercial buildings 
consumes approximately one quarter of the electrical energy used by these buildings and 
accounts for about half of their peak electrical demand (Brook 2002). Previous research suggests 
that the HVAC thermal distribution systems in these buildings suffer from a number of problems, 
such as thermal losses due to duct air leakage and poor duct location (Xu et al. 1999, 2002). 
Despite the potential for large energy savings by reducing thermal losses in commercial buildings 
(Franconi et al. 1998), the California building industry has mostly overlooked this area as a target 
for energy efficiency improvements. One reason is that metrics for determining the efficiencies of 
commercial thermal distribution systems are poorly defined. Another reason is that the utility of 
duct diagnostic and retrofit technologies to identify and reduce duct leakage, duct conduction 
losses, and associated energy consumption and demand remains undetermined. 

As an example of the complexities involved in understanding thermal distribution system 
performance, consider a variable-air-volume (VAV) HVAC system in a large commercial 
building. Although the conditioned air that leaks from supply ducts is captured in the return air, 
and may be regained from a thermal viewpoint, the leakage airflow does not reach the 
conditioned spaces directly. To maintain the main duct static air pressure at its set point, all 
leakage upstream of the VAV boxes must be made up by an increase in the supply fan airflow. 
Leakage downstream of the VAV boxes must be made up by supplying more air to the VAV 
boxes. To deliver more supply air, VAV box primary air dampers need to open further. 
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Consequently, to maintain the main duct static pressure at its set point, an increase in the supply 
fan airflow is also needed to compensate for the downstream leakage airflows. Because the 
relationship between fan power and airflow is somewhere between a quadratic and cubic 
function, the increase in supply airflow means that supply fan power consumption increases, with 
a large fraction of this fan power used just to move the leaking air. Note that some of the thermal 
losses associated with duct leakage are not entirely recaptured during periods of economizer use, 
because relief fans discharge some of the return air directly to outdoors to maintain building 
envelope pressure differentials that would otherwise increase due to the increased outdoor 
airflows entering the building through the economizer. 

The overall goal of this project is to obtain the technical knowledge needed to properly measure 
and understand the energy efficiency of thermal distribution systems in commercial buildings. 
We expect that this new information will assist the California building industry in designing 
better thermal distribution systems in new commercial buildings and in retrofitting existing 
systems to reduce their energy consumption and peak electrical demand. 

This project contributes to the PIER program objective of improving the energy cost and value of 
California’s electricity in two ways. One is by demonstrating through measurements how leaky 
or poorly designed thermal distribution systems in commercial buildings waste the energy that is 
used to condition air (e.g., cooling, heating, dehumidification). The other is by developing 
methods to identify and correct these problem systems. We expect that the knowledge gained 
from this research will be used to craft new requirements for commercial duct system efficiency 
in future revisions of California’s Title 24. 

1.2 Project Objectives 
The specific technical objectives for this project are to: 

1. Develop metrics and diagnostics (“yardsticks” and measurement techniques) for determining 
the efficiencies of commercial thermal distribution systems. 

2. Develop information that the California building industry (e.g., HVAC system design 
engineers and installers) can use to design new thermal distribution systems, estimate energy 
efficiency, and prevent or reduce the incidence of problems that have been identified in 
existing commercial thermal distribution systems. 

3. Determine the energy impacts associated with duct leakage airflows in an existing large 
commercial building, which could be mitigated by applying duct retrofit technologies. 

There are two overall economic performance objectives of this project. One is to lower the cost 
for building owners of performing diagnostic services on commercial thermal distribution 
systems, by developing quick field measurement techniques. The second is to lower space 
conditioning and ventilating costs to commercial-building electric ratepayers, by developing duct 
retrofit technologies that improve the performance of thermal distribution systems. 

1.3 Report Organization 
This report presents our findings and recommendations that have resulted from investigating the 
impacts of thermal distribution systems on energy use in commercial buildings. Most of the work 
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focuses on large commercial buildings rather than on small commercial buildings, because much 
less is known about thermal distribution system performance in large commercial buildings. 

In Section 2 Project Approach, we discuss the tasks that we undertook and our approach to the 
research to accomplish our objectives. In particular, we discuss changes to the testing procedures 
that we undertook and the need for system modifications during those tests. 

In Section 3 Project Outcomes, we present the key results from our investigations. 

In Section 4 Conclusions and Recommendations, we present what we learned from the 
research and what we recommend for future activities. 

Following the Glossary and References, there are four technical Appendices: 

“Appendix I. Metrics and Diagnostics” provides a starting point in the development of a 
set of metrics and diagnostics that describe thermal distribution system performance in 
both small (thermally dominated) and large (fan-power dominated) commercial buildings. 
The appendix discusses energy (consumption and demand) metrics, as well as 
environmental indices (e.g., health, comfort, and safety). It also outlines several one-time 
and short-term diagnostics that can be used to quantify these metrics. 

“Appendix II. In-Situ Characterization” provides a general description of the large 
commercial building and its thermal distribution system that we characterized; a 
description of our monitoring and diagnostic activities; a summary of our preliminary 
duct leakage findings; a description of the HVAC system airflow diagnostics that we 
carried out prior to and during our duct leakage intervention tests; and a summary of our 
HVAC fan power measurements and other field study findings. 

“Appendix III. Duct Sealing Techniques” discusses the need for duct sealing techniques 
that reach duct leaks in existing commercial buildings without having to access and seal 
every joint manually. It then describes the development and laboratory testing of a mobile 
aerosol-sealant injection system (MASIS) that can use multiple injectors simultaneously 
to seal multiple duct sections. To help the reader understand the multiple injector system, 
the appendix includes a description of the aerosol sealing technology. At the end of the 
appendix, we also discuss whether there is a need to develop field retrofit techniques for 
sealing duct system components such as VAV boxes and supply grilles. 

“Appendix IV. Production Readiness Plan” discusses our production readiness plan for 
retrofitting thermal distribution systems in large commercial buildings. In particular it 
summarizes our market transfer work to date, discusses steps needed to commercialize 
the aerosol sealing technology for use in large commercial buildings, and provides 
recommendations for future work. 

2. Project Approach 
In the original project plan, as part of obtaining the technical knowledge needed to properly 
measure and understand the energy efficiency of thermal distribution systems in commercial 
buildings, much of the work was intended to focus upon the utility of aerosol-based duct sealing 
technologies, for both small and large commercial buildings. Technical tasks were divided into 
three groups that addressed multiple project objectives in some cases: 
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• Develop metrics and diagnostic approaches for small and large commercial buildings. 

• Carry out in-situ characterizations of two commercial buildings (one small and one large) 
using the metrics and diagnostics approaches defined in the project, before and after 
sealing the ducts using aerosol-based duct sealing technologies, and determine the energy 
savings associated with reducing the duct leakage. 

• Develop aerosol-based duct sealing technologies, test them in the laboratory, and then 
apply them in the field to retrofit the duct systems in the buildings selected for the in-situ 
characterization task. 

As in any research effort, the results along the way also shaped the work. Based on input from 
the PAC team and the PIER Buildings Program team, the project evolved. Changes included: 

• We acquired additional funding from the U.S. Department of Energy to develop and test 
the aerosol-sealing technology itself. This meant that the CEC project could narrow its 
focus to developing protocols and control algorithms for field applications in large 
commercial buildings, which require the use of multiple injectors to achieve acceptable 
sealing efficiencies. 

• We acquired funding from the Sacramento Municipal Utility District to carry out a duct 
leakage intervention – energy impact study on several small commercial buildings. This 
meant that the CEC project could shift its focus away from small commercial buildings 
and toward large commercial buildings, where less is known about the performance of 
their thermal distribution systems. 

• Once planning began for the in-situ characterization and duct leakage intervention study 
in a large commercial building, it quickly became apparent that this effort would consume 
most of the resources planned for these activities, leaving none to address a second large 
building. In particular, our experimental design called for extensive characterization of 
the HVAC system operation on an intervention floor before and after modifying duct 
leaks on this floor; plus less detailed characterization of a separate floor within the same 
building (used as a control floor with no changes to the HVAC system, as a basis for 
comparison to the intervention floor). Based on consultations with the PIER Buildings 
Program team, the decision was made to study one building in detail and understand it 
well, rather than diverting resources to two buildings and being less thorough in each 
building. 

• During our in-situ characterization efforts in the large commercial building, we found that 
the duct leakage diagnostics gave disparate results. In particular, although pressurization 
tests indicated the duct system was leaky, in reality it was tight (small leakage airflows). 
This meant that using aerosol sealing to reduce duct leakage was not an option as an 
intervention method, and that leaks would need to be added to assess the energy impact of 
duct leakage. To support that effort, additional funding was acquired from the U.S. 
Department of Energy to add calibrated duct leaks both upstream and downstream of 
VAV boxes. This meant that we could separately determine the impact of each set of 
leaks. Given that the multiple injector aerosol-based sealing technology is ready to deploy 
and may be the most practical method for retrofit duct sealing applications, we had still 
hoped to seal the installed leaks using aerosol sealing, as a field demonstration of this 
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technology. However, we were unable to obtain approval for such sealing in the test 
building. 

Appendices I through IV describe our research efforts in detail. 

3. Project Outcomes 
This section presents the key results from our investigations, in the same order as the three 
objectives. 

Objective #1: Develop metrics and diagnostics (“yardsticks” and measurement techniques) for 
determining the efficiencies of commercial thermal distribution systems. 

Metrics. As described in Appendix I, we identified and defined eleven metrics for characterizing 
the thermal performance of distribution systems in large commercial buildings. The most 
important of these metrics characterizes the overall efficiency of the distribution system: 
transport energy (e.g., total energy used to transport air) per unit thermal energy delivered. This 
metric is useful for comparing the relative performance of various types of thermal distribution 
systems. Determining this parameter in a building that has already been built is difficult because 
measuring the total heating or cooling energy delivered to each zone requires air temperature and 
flow sensors at every grille and temporally continuous measurements. However, calculating this 
parameter for a building on paper or using a computer is relatively straightforward, excluding any 
impacts of improper installation or operation.  We recommend that California’s Title 24 
compliance process for large commercial buildings include quantification of this metric. 

Diagnostics. We field tested six diagnostics that can be used to quantify the performance of 
existing thermal distribution systems, with a focus on diagnostics to measure duct leakage 
airflows, fan airflows, and fan power. As we discuss in Appendix II, only one of the two duct 
leakage diagnostics that we tested could reliably determine duct leakage airflows: it involves 
accurately measuring airflows entering and exiting the duct system—the difference being the 
duct leakage. A significant barrier to the widespread use of this diagnostic is the need to rapidly 
measure the flows exiting the duct system at many supply grilles. Through our field tests of 
several commercially available flow hoods, we found one that can give the same results as our 
reference research-grade device, within the uncertainty specification of the reference (bias and 
RMS errors less than 2%). Our tests also indicated that this hood could measure 100 grille 
airflows in less than two hours, which is rapid enough to make the diagnostic practical. Because 
hood accuracy depends on grille type, further development and testing is needed, but we expect 
this diagnostic will be useful in developing a database that characterizes the distribution of duct 
leakage airflows in California’s large commercial buildings. 

Objective #2: Develop information that the California building industry (e.g., HVAC system 
design engineers and installers) can use to design new thermal distribution systems, estimate 
energy efficiency, and prevent or reduce the incidence of problems that have been identified in 
existing commercial thermal distribution systems. 

Characterization. Because there has been very little characterization of the actual performance 
of thermal distribution systems in large commercial buildings, we carried out an extensive 
characterization of one of these systems. Of particular note, we used duct pressurization 
techniques similar to those described by SMACNA (1985) to determine duct leakage areas. Our 
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initial measurements of leakage area and pressures in the ducts indicated that the duct system 
downstream of VAV boxes was leaky: about mid-range compared to the leakage (58 to 606 cfm 
at 1 in. w.c. pressure per 100 ft2 of duct surface area) of branch ducts that we have tested in other 
large commercial building systems (Xu et al. 2002). However, this was only part of the story. 
Using the duct leakage airflow diagnostic described above, we determined that the actual airflow 
through the duct leaks was small (about 5% of total air-handler supply airflow at operating 
conditions), and consequently less significant. The test building showed every indication of a 
“tight” thermal distribution system: good application of mastic, metal bands at joints, and overall 
high quality. 

Objective #3: Determine the energy impacts associated with duct leakage airflows in an existing 
large commercial building, which could be mitigated by applying duct retrofit technologies. 

Energy impacts. Because the duct system in the study building was sufficiently airtight that 
expected energy impacts would be too small to measure, we installed temporary calibrated leaks 
to demonstrate duct leakage impacts. Specifically, we added 15% duct leakage to make a total of 
20% at operating conditions. We feel that the added leaks represent what we might find in other 
buildings, but need to validate this assumption by making duct leakage airflow measurements in 
more buildings. 

During the cooling season, the amount of electrical power required by the HVAC system to 
transport conditioned air includes the power to drive the air-handler supply fans, relief fans, and 
VAV box induction fans. In reviewing the patterns of fan operation, we found that the supply fan 
and induction fan airflows and operation are impacted by the introduction of additional duct 
leakage. The relief fans are operated to maintain building pressure set points and run as needed 
during pre-cooling and economizer modes. As a result, the relief fans have an irregular 
operational pattern. We did not see a correlation between duct leakage and relief fan operation. 
Therefore, we only discuss the impact of duct leakage on the air-handler supply fans and the 
induction fans, and not on the relief fans. 

The principal outcome from this project is that the energy impact of duct leakage in large 
commercial buildings can be substantial. We found that the added leakage leads to an increase in 
air-handler supply fan power of about 37%, and an overall increase in total fan power (air-
handler supply fans plus induction fans) of about 26%. The total fan power increase is lower 
because the added duct leakage causes induction fans to operate less often. 

Previous simulations (Franconi et al. 1998) have suggested that the energy impacts of 20% duct 
leakage are larger: on the order of 60% to 70% of the total fan energy consumption. However, the 
duct leakage fraction in the simulations is normalized by nominal design supply airflow rather 
than by operating supply airflow. Redefining our duct leakage fraction to match the definition 
used in the simulations means that the duct leakage that we added was about 10% of the nominal 
design supply airflow. Given that our leakage fractions were about half of those used in the 
simulations, and assuming that fan power is somewhere between a quadratic and cubic function 
of airflow, our measurements are consistent with the simulation results. 
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4. Conclusions and Recommendations 

4.1 Conclusions 
The primary outcome from this project is the measured confirmation that duct leakage airflows 
can significantly increase fan energy consumption in large commercial buildings. In addition, we 
have defined a new metric for distribution system efficiency, demonstrated a reliable test for 
determining duct leakage airflows, and developed new techniques for duct sealing. The parallel 
story in the residential and small commercial sector has shown that from the comparable stage in 
that research to maturity of technology adoption (e.g., commercialization and inclusion in 
standards) was approximately ten years. We conclude that a concerted effort will be necessary to 
make the same—or better—progress for the large commercial sector. 

4.2 Commercialization Potential 

Market Transfer Efforts. Our project activities have already resulted in market transfer efforts: 

• Codes and Standards. California’s Title 24 currently has no performance criteria for 
duct systems in large commercial buildings. We have identified a metric for 
characterizing duct system efficiency that Title 24 reports should include for all new 
commercial buildings. Once we have a good understanding of the range of duct system 
efficiencies, we could then set guidelines for minimum acceptable levels. 

• CA Public Sector. University of California staff is already asking for the development of 
duct tightness criteria for the new buildings at UC Merced. They are also interested in the 
measurement and verification procedures to ensure that these criteria have been met. 
These criteria could be adopted for new construction at University of California and 
California State University campuses throughout the state. 

• PIER-related activity. Taylor Engineering, Eley Associates, and the Center for the Built 
Environment at UC Berkeley have all come on board this project as interested co-
participants. The work at the test building in Sacramento has been a fertile test bed for 
several groups interested in sharing our monitoring capabilities to do unique 
measurements of HVAC systems in commercial buildings. 

• Synergistic funding with US DOE. This project has benefited from over $400k of 
support from the Building Technologies office at the U.S. Department of Energy. DOE 
plans to continue supporting work in this area, including continued efforts at the test 
building in Sacramento to further assess duct leakage diagnostics, as well as 
measurements of duct leakage at different sites. 

Production Readiness Plan. In addition to the market transfer work identified above, there is 
one specific aspect of the study that has large commercialization potential: the aerosol sealing 
technology. There are some development tasks that may be appropriate for the public sector to 
pursue, given the lack of R&D that is currently done in the building’s sector. Once this work is 
done, we expect the private sector to fully commercialize this technology. The steps needed for 
its commercialization are: 

• Document the health and safety performance for the aerosol sealant, to eliminate barriers 
that may prevent adoption of this technology to seal ducts in large commercial buildings. 
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• Characterize the energy savings potential of existing large commercial buildings, by 
determining the actual range of leakage distributions in these buildings. 

• Demonstrate aerosol sealing in a sample of commercial buildings. 

• License technology to the private sector, which could then train contractors and produce 
equipment to reach the market. 

Appendix IV describes these steps in more detail. 

4.3 Recommendations 
Based on our findings, our recommendations for further work are as follows, arranged in the 
same order as the three objectives: 

Objective #1: Develop metrics and diagnostics (“yardsticks” and measurement techniques) for 
determining the efficiencies of commercial thermal distribution systems. 

Recommendation #1: Further develop the duct leakage airflow diagnostic and submit it 
to the American Society for Testing and Materials (ASTM) for adoption as a standard 
method of test. 

Recommendation #2: Work with California’s Title 24 staff to introduce a requirement 
for quantifying and reporting the “overall thermal efficiency of the distribution system” 
metric for new large commercial buildings. Once we have a good understanding of the 
range of duct system efficiencies from reported data, we could then use these data to set 
guidelines for minimum acceptable levels. 

Objective #2: Develop information that the California building industry (e.g., HVAC system 
design engineers and installers) can use to design new thermal distribution systems, estimate 
energy efficiency, and prevent or reduce the incidence of problems that have been identified in 
existing commercial thermal distribution systems. 

Recommendation #3: Develop specifications for maximum allowable duct leakage 
airflows and for duct sealing in new construction. 

Recommendation #4: Continue collaborative work with the U.S. Department of Energy, 
University of California, and private sector (e.g., Carrier, Eley Associates, Taylor 
Engineering) to transfer information to the building industry. 

Objective #3: Determine the energy impacts associated with duct leakage airflows in an existing 
large commercial building, which could be mitigated by applying duct retrofit technologies. 

Recommendation #5: Evaluate the performance of the thermal distribution system at the 
demonstration building over a heating season, with and without the added duct leakage. 
The investment of time and equipment at the demonstration building makes it worthwhile 
to continue monitoring the system in order to look at energy savings over the year. 

Recommendation #6: Survey additional sites to start a database of duct leakage 
characteristics in large commercial buildings. This work is currently planned with funding 
from the U.S. Department of Energy and would benefit from CEC co-funding. 

1/18/2012 99 of 288



THERMAL DISTRIBUTION SYSTEMS IN COMMERCIAL BUILDINGS 

 15 

The final Project Advisory Committee meeting in November 2002 also generated 11 
recommendations for further work. These recommendations are in the form of desired outcomes 
for improving thermal distribution systems in large commercial buildings, both new and existing, 
by 2010. Many of these outcomes reflect our recommendations, but they also represent a broader 
scope. The desired outcomes are as follows: 

A. Stock Characterization and Energy Savings Potential 
1. Stock Characterization. An assessment of thermal distribution systems in the large 

commercial building stock (e.g., magnitude and location of leakage airflows). 

2. Current Practice. Characterization of existing practices for duct installation and air sealing. 

3. Energy Impacts. An expanded understanding of the energy impacts of thermal distribution 
system characteristics (e.g., impacts related to duct leakage and thermal conduction) and a 
ranking of the issues that warrant further study. 

B. Design and Construction 
1. Design Guides. Duct design and construction guidelines that focus on the most important 

issues in terms of their impacts on energy performance. 

2. Simulation Tools. Mainstream simulation programs that can be used as design tools to predict 
distribution system performance. 

3. Technology Adoption. Use of low-leakage duct components and joints, which will reduce or 
eliminate the need for widespread duct leakage testing. 

4. Specifications. Specifications for achieving tight ducts within the normal building delivery 
process. 

5. Design Intent Linkage. Improved communications between design intent, field construction, 
and operation. 

C. Codes and Standards 
1. Metrics. Further development of proposed metrics for system characterization (i.e., expanded 

definitions of what each metric includes, and how each is determined or measured). 

2. Standards. Defined standards for distribution system installation. 

3. Test Procedures. A standard test procedure for flow hoods. 

D. Operations & Maintenance, Diagnostics, and Commissioning 
1. Commissioning Toolkit. A toolkit for commissioning ducts. 

2. Real-Time Diagnostics. A diagnostic method for measuring the energy use of distribution 
systems during operation, so that building operators can detect and rectify deficiencies in 
space conditioning energy delivery. 

3. Information Transfer. Dissemination of our current knowledge to the critical players. 
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4.4 Benefits to California 
We have identified the following benefits that result directly from this study or that will accrue 
over time as necessary information and infrastructure develops further: 

Benefits in electricity savings. The primary benefits from having tight duct systems are 
electricity savings. Based on CEC Year 2000 estimates (Brook 2002), site electricity 
consumption for commercial buildings in California was 91,771 GWh that year, with a peak 
demand of 20,150 MW; 27% (25,185 GWh) of this energy and 51% (10,180 MW) of this peak 
demand were related to HVAC (heating, ventilating, and cooling) equipment operation in these 
buildings. The CEC also estimates that 39% (9,822 GWh) of this HVAC consumption and 21% 
(2,138 MW) of this HVAC demand was associated with fan operation; central system supply and 
return fans represented 56% (5,460 GWh) of this fan-related consumption and 47% (1,010 MW) 
of this fan-related demand. 

Using CEC Year 2000 estimates (Rohrer 2000), there was about 5,690 million ft2 of commercial 
building floor area that year in California. Assuming that the fraction of large commercial 
buildings in California for the Year 2000 is the same as in the entire US Pacific region for Year 
1999 (78%, EIA 2002), then there was about 4,440 million ft2 of large commercial building floor 
area in California during the Year 2000. Assuming that central system supply and return fans are 
only used in large commercial buildings, this means that the average normalized fan power 
associated with peak demand for these fans was about 0.23 W/ft2. This value is similar to the 
peak demand values that we measured for air-handler supply fans in the Sacramento test building 
(0.20 to 0.25 W/ft2). 

We estimate that eliminating duct leakage airflows in half of California’s existing large 
commercial buildings has the potential to save about 560 to 1,100 GWh annually (about $60-
$110 million per year or the equivalent consumption of about 83,000 to 170,000 typical 
California houses), and about 100 to 200 MW in peak demand. It is important to recognize that 
these potential savings estimates are crude, particularly because we do not have good data yet to 
define the distribution of duct leakage airflows in the large commercial building sector. Our 
estimates assume that the duct leakage that can be eliminated ranges from 10 to 20% of the 
nominal design supply airflow in each building and that the fan power increases associated with 
this duct leakage are 26% to 70% respectively (eliminating this duct leakage translates to fan 
power savings of 21 to 41%). The lower bound is based upon our measurements in the 
Sacramento test building; the upper bound is based upon predictions by Franconi et al. (1998). 
Dollar savings are based on an electricity price of $0.10 per kWh. The representation of savings 
in terms of residential electricity consumption are based upon California residential electricity 
use projections for Year 2000 (Rohrer 2000), which indicate that the average California house 
used about 6,740 kWh that year. 

Rufo and Coito (2002) assessed technical and economic potentials for 28 energy efficiency 
measures that could be implemented now in California’s commercial buildings. Compared to 
their estimates of energy consumption and demand savings for the 28 measures (45 to 2,539 
GWh, 0 to 769 MW), our energy consumption savings estimates for duct sealing rank 
somewhere between the 4th and 8th highest savings; our demand savings estimates rank between 
6th and 13th. 
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Benefits to future buildings. The identification of a metric for characterizing distribution 
system performance allows us to recommend its inclusion in the next round of Title 24 as a way 
of characterizing the new building stock. Once we have a good database of new duct system 
characteristics, we can set reasonable targets for distribution system performance, which will 
ultimately lead to further energy savings in this sector. 

Benefits to new buildings in the UC system. As an outgrowth of our work on this project, we 
have been working on duct specifications for the new University of California at Merced campus 
with members of the design team. In particular, we have reviewed the draft design documentation 
for their duct systems and recommended changes to the specifications. While we don’t have a 
specific energy saving calculated for this work, we see the benefits extending to other UC 
campuses once others use these specifications. 

Benefits in building operations and maintenance. A willing partner in this work has been 
Thomas Properties, a major manager of buildings, both public and private. Through this study, 
they have seen the benefits not only of improvements in duct diagnostics, but also in feedback on 
their HVAC system performance via the EMCS. By working closely with the private sector, we 
have seen the transfer of knowledge and the improvements in building operation in a major 
public facility. 

Benefits to future engineers. A key aspect of our research team has been the inclusion of 
numerous students. While they may not have appreciated the long hours at the field site, they are 
now familiar with a number of important lessons about the performance of thermal distribution 
systems. As future engineers—not all of who may practice in California—we expect that some 
will become leaders in this area. 

Glossary 
ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers 

ASTM  American Society for Testing and Materials 

APT  Automated Performance Testing 

CEC  California Energy Commission 

cfm  Cubic feet per minute 

DOE  U.S. Department of Energy 

EIA  Energy Information Administration 

ELA  Effective Leakage Area 

EMCS  Energy management control system 

GWh  Gigawatt hours, 109 Wh, 106 kWh 

HVAC  Heating, ventilating and air conditioning 
IAQ  Indoor air quality 

LBNL  Lawrence Berkeley National Laboratory 

MASIS  Mobile aerosol-sealant injection system 
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MW  Megawatt, 106 W 

PAC  Project Advisory Committee 

PIER  Public Interest Energy Research 

RD&D  Research, Development, and Demonstration 

RMS  Root mean square 

SMACNA Sheet Metal and Air Conditioning Contractors’ National Association 

TDS  Thermal distribution system 

UC  University of California 

VAV  Variable air volume 
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Proposed Metrics and Diagnostics for Characterizing The Performance of 
Commercial Thermal Distribution Systems 

I.1 Overview 
In practice, thermal distribution systems often do not perform as well as intended by the design 
process, partially because conventional building design processes do not adequately address 
distribution system performance, and partially because thermal distribution systems are generally 
not installed or operated according to design. 

One common link between these two problems is the need for a set of metrics (or yardsticks) by 
which the performance of these systems can be characterized. Such metrics are needed both to 
simplify the inherent complexities associated with the design process, and to digest diagnostic 
measurements or monitoring results into a manageable number of descriptors. The idea behind 
metrics is to distill down the complexities of different systems to a single descriptor, or limited 
set of descriptors, that allows those systems to be compared with each other on a level playing 
field. One concrete example of a set of metrics is the way that automobiles are characterized and 
compared, using parameters such as wheelbase (size), horsepower (capacity), and miles-per-
gallon (performance, or fuel-efficiency). 

ASHRAE Standard 152P already provides energy performance metrics for residential thermal 
distribution systems. This Standard could serve a similar function for small commercial buildings 
that use small packaged HVAC systems similar to residential equipment. However, it does not 
address non-energy performance issues, nor can it be used to address energy efficiency issues in 
large commercial buildings. 

In approaching the issue of metrics for thermal distribution systems in commercial buildings, a 
key distinction needs to be made between large and small commercial buildings. That distinction 
stems from two key differences between these two types of buildings, which are the: 

1. Fraction of HVAC energy used by the fans and pumps, and 

2. Complexity and variability of the systems. 

For example, in large buildings, 35 to 50% of HVAC energy use occurs in the fans and pumps, 
versus approximately 15% in small commercial building systems. The larger fraction of fan and 
pump energy used by large buildings is largely due to longer distances, higher pressures, and 
continuous fan operation in the larger buildings. 

The goal of this document is to provide a starting point for developing a set of metrics that 
describe thermal distribution system performance in both small (thermally dominated) and large 
(fan-power dominated) commercial buildings. This set of metrics needs to include energy 
(consumption and demand) metrics, as well as environmental indices (e.g., health, comfort, and 
safety). Because the two types of buildings operate very differently and tend to serve different 
purposes, we have assembled two distinct sets of metrics, with some overlap between the two 
sets. In addition, to keep the document scope manageable, most of the metrics and sub-metrics 
presented here apply only to air distribution systems. 
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I.2 Full-Sector Commercial Distribution Metrics 

I.2.1 Energy Efficiency 

At the most global level, the key energy metric for all types of thermal distribution systems is the 
overall energy efficiency, which is defined as: 

Sum of the absolute values of all the space loads in the building 

Divided by the 

Sum of the absolute values of all heating and cooling energy 
delivered at heat exchangers for space conditioning 

plus all fan and pump energy consumption 

This metric accounts for both thermal and transport efficiencies, accounts for simultaneous heating 
and cooling inefficiencies, includes energy added by terminal reheat, and can be used to compare 
distribution systems that use different transport media (e.g., air versus water). On the other hand, 
although it is conceptually useful, it is very difficult to calculate this metric for anything but a building 
on paper or in a computer. In a field situation, measuring the parameters required to calculate this 
metric generally is not practical. 

There are a number of sub-metrics that contribute to the global energy efficiency. One that applies to 
both air and water systems is the overall thermal efficiency, which is the ratio of heating or cooling 
energy delivered at the supply grilles or radiators to the heating or cooling energy that heat exchangers 
deliver to the distribution system for space conditioning. 

If we limit ourselves to air-only systems, there are a number of other sub-metrics that should apply to 
all commercial building thermal distribution systems, including: 

1. The supply duct fractional air-leakage [%], 

2. The normalized fan power [W/cfm, W/ft2], and 

3. The normalized airflow [cfm/ft2]. 

I.2.2 Indoor Environmental Performance 

It is important to recognize that distribution systems interact in a myriad of complex ways with other 
components of the building. This is true both with respect to comfort, and with respect to Indoor Air 
Quality (IAQ). Without even considering the entire building, it is clear that in most cases, the 
conditioned zones themselves are part of the distribution system, which alone adds enormous 
complexity. As an example, for an air system, the conditioned space can be seen as the part of the 
distribution system that connects the supply grilles to the return grilles. The thermal comfort within the 
space and the energy efficiency would be impacted by paths taken between those grilles, which in turn 
depend on the location and operating characteristics of the grilles, as well as on the air temperatures 
and flows through the grilles. Some concrete examples include the impacts of cold air distribution 
grilles on “dumping” cold air within the room, or the impacts of VAV induction airflows on the 
degree of mixing within the room. If we wanted to truly compare all types of distribution systems, we 
would have to address the issue of radiant versus air temperature, which is different for convective 
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versus radiant delivery, and the location of the grilles or radiators relative to the windows. If we 
wanted to address the problem at this level, we would also need to address the impacts of localized 
distribution systems, such as user-controlled grilles at workstations. The time requirements needed to 
determine parameters associated with these complex metrics place practical limits on the scope of the 
indoor environmental (and even energy efficiency) metrics that should be considered. Based upon 
these arguments, we have attempted to limit the scope of our comfort and IAQ metrics to issues that 
can be isolated to the distribution system itself, and that do not involve more complex interactions 
with other environmental factors. 

With respect to thermal comfort, we chose to limit the metrics to quantifying heating or cooling 
energy delivery at the distribution system entries to each conditioned space, and to ignore any further 
distribution issues within the spaces (e.g., to ignore how the air travels “down the road” after leaving 
supply grilles). Our global metric for thermal performance is the thermal uniformity between the 
spaces being conditioned; more specifically, the zone-by-zone variance of the room temperatures. 
This parameter applies to all systems, and includes the impacts from the weather and building 
operating conditions. This metric has the opposite problem as compared to the overall energy 
efficiency – it is more straightforward to determine in the field as compared to predicting the value 
from building plans or computer simulations. 

With respect to IAQ, a thermal distribution system can impact it in a number of different ways, 
including the distribution system’s impacts on: 

1. The entry of pollutants, 

2. The creation/incubation of pollutants, and 

3. The transportation and dilution of pollutants. 

Another environmental performance metric that can apply to all types of systems is the noise level, 
which is similar to thermal uniformity in that it is easier to measure in an actual building than to 
predict. This metric can be defined as the temporal average increase in noise level when the 
distribution is in normal operation, compared to when the system is not operating. 

Because of the limited scope here, some of the metrics that we examined but chose not to utilize 
include: the Air Diffuser Performance Index (ADPI), which characterizes mixing external to a 
diffuser, and the set of comfort indices outlined in ASHRAE Standard 55, which are widely used in 
assessing comfort. 
I.3 Small Commercial Air Distribution System Metrics 

This section presents a proposed set of metrics to characterize the performance of thermal distribution 
systems in small commercial buildings (thermally dominated systems). This set of metrics should 
apply to most rooftop packaged units, as long as they do not have zoning or variable air volume 
controls. 

I.3.1 Energy Performance 

The key metrics for the energy performance of small commercial buildings come directly from 
ASHRAE Standard 152P. The measurement and calculation procedures in that proposed standard 
yield two efficiency metrics: 

1. Seasonal distribution system efficiency for energy consumption calculations, and 
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2. Design efficiency for equipment sizing/selection and peak-demand calculations. 

To determine these efficiencies, the draft ASHRAE standard contains procedures for obtaining a 
number of sub-metrics, including: 

1. The supply and return duct fractional air-leakage, 

2. The effective leakage area (ELA), 

3. The duct operating pressures, and 

4. The distribution effectiveness for thermal losses resulting from heat conduction through duct 
walls (the fraction of the sensible capacity lost due to conduction through the duct walls). 

The key issues associated with using this standard for characterizing small commercial building 
energy performance are that the standard: 

1. Does not address continuous fan operation and its impact on energy performance, and 

2. Does not address fan power in any way. 

Adding a simple methodology for calculating the impacts of fan energy use and the thermal efficiency 
impacts of continuous fan operation can augment the metrics in this standard. To accomplish this, a 
sub-metric that is required in addition to those in the ASHRAE Standard is the fraction of hours in a 
year that the fan is running without the air-conditioner or furnace operating. This parameter needs to 
be calculated separately for the heating season and the cooling season. The seasonal values can then be 
used to calculate the energy losses while the fan is off, which can then be combined with the 
equipment-on efficiencies on a fractional time basis. Incorporating this effect means that equipment 
capacity becomes an important characteristic. A more complete treatment would be needed if variable 
capacity equipment or a variable speed fan were accommodated. 

I.3.2 Indoor Environmental Performance 

As noted in Section I.2.2, the environmental-performance metrics described in this appendix are 
limited in scope. In the case of small commercial buildings, Indoor Environmental Performance can 
be characterized by six metrics and sub-metrics: four for thermal comfort, and two for IAQ/Safety. 

For small commercial buildings, the two thermal comfort metrics are: 

1. The ratio of delivered thermal capacity at the supply grilles to the thermal capacity delivered 
by the HVAC equipment into the distribution system, and 

2. The standard deviation of the temperatures in the different spaces being conditioned by the 
system. 

The ratio of delivered capacity to equipment capacity is a comfort measure in that it quantifies the 
impact of the distribution system on the HVAC system’s capability to maintain comfort under design 
conditions. This metric can be calculated in the same manner as the duct-system energy efficiency 
under design conditions in ASHRAE Standard 152P. 

The standard deviation of the temperatures in the different zones is a measure of how well the 
distribution system is distributing heating and cooling to the zones that need it. Because of the 
difficulty associated with quantifying the standard deviation of zone temperatures in the field or from 
building plans, we suggest that two sub-metrics be used: 
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1. The standard deviation of the temperatures delivered at the supply grilles, and 

2. The standard deviation of the ratio of delivered supply grille airflows to design supply grille 
airflows. 

The first of these sub-metrics is simply based upon the assumption that there are likely no purposeful 
means within the design of the system to alter the delivered temperatures on a zone-by-zone basis 
(e.g., reheat coils), assuming the definition of the types of systems/buildings covered by this section is 
appropriate. In other words, all rooms should be receiving the same temperature air. 

On the other hand, floor-area normalized airflows vary in the design process between rooms, and 
therefore measured airflows should be compared to design airflows rather than to each other. The 
problem is that most buildings of this type do not receive zone-by-zone load calculations, or those 
calculations are impossible to obtain. In cases where no design information is available, the 
normalized airflow comparison has to be made relative to a nominal airflow per unit floor area (or the 
building average airflow per unit floor area). 

The impact of the distribution system on IAQ in a small commercial building can be quantified in a 
limited manner based upon the following two sub-metrics: 

1. The distribution system impact on conditioned-space and buffer-zone pressures, and 

2. The distribution system impact on overall air exchange rates. 

These metrics only address impacts of the distribution system on entry of pollutants and dilution of 
pollutants. The creation/incubation of pollutants is not addressed at all, and the other two impacts are 
not treated in an exhaustive manner. 

The first sub-metric (pressure impacts) can be quantified in terms of two numbers: 

1. The maximum depressurization of any building zone relative to the outdoors under any 
normal operating condition, and 

2. The maximum pressurization of any building zone relative to the outdoors or other building 
zone under any normal operating condition. 

The two values are separated because of their different implications, and because many commercial 
buildings are purposefully operated at pressures somewhat higher than outdoors. 

Depressurization is generally the pressure imbalance that has the most negative impacts, including 
drawing in hot unconditioned outdoor air and outdoor pollutants (e.g., ozone) through the building 
shell in the summer, causing exterior doors to be difficult to open, and causing potential combustion-
product backdrafting and spillage problems. Backdrafting and spillage are important IAQ concerns, as 
they cause combustion gases (pollutants) to be brought into occupied spaces. In addition, negative 
pressures in building spaces often cause pollutants to be carried from one zone to another (e.g., shop 
areas to office areas). 

On the other hand, pressurization can cause doors to blow open, and forces hot humid air through the 
building shell in the winter, potentially causing moisture damage. In addition, if a zone that contains 
pollutants is pressurized relative to surrounding zones, the surrounding zones may become 
contaminated. 
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The second IAQ sub-metric that can be used for thermal distribution systems in small commercial 
buildings is their impact on overall building air exchange rate. This is the simplest means for 
describing the impact of these systems on pollutant dilution, as it addresses only their average 
pollutant dilution impact, or average outdoor-pollutant entry impact. Even this simple metric is 
complicated by the fact that most commercial buildings use an intentional outdoor air intake coupled 
to the return air to provide ventilation, and by the fact that unbalanced distribution system airflows do 
not add linearly to natural ventilation rates. As such, this metric also consists of two numbers, both 
normalized by conditioned-space volume: 

1. The balanced leakage airflows through the supply and return ducts (i.e., the amount of leakage 
airflow out of the supply ducts that could be offset by the amount of leakage airflow into 
return ducts, or vice versa), and 

2. The unbalanced leakage airflows through the supply and return ducts (i.e., the leakage airflow 
differential between the supply and return ducts). 

I.4 Large Commercial Air Distribution System Metrics 

This section presents a proposed set of metrics to characterize the performance of thermal distribution 
systems in large commercial buildings (fan-dominated systems). This set of metrics should be applied 
to packaged and built-up systems, whether or not they have Constant Air Volume (CAV) or Variable 
Air Volume (VAV). The key differences between the metrics for large and small commercial 
buildings are that the ones for large commercial buildings focus on transport energy use, and a more 
detailed treatment of zonal performance. 

I.4.1 Energy Performance 

The working assumption for large commercial buildings is that the distribution systems are generally 
located within the conditioned space. The only exceptions to this assumption are when the ducts are 
located outdoors, or when the ducts are located in a top-story plenum that is insulated at the ceiling or 
vented at the roof deck. If a duct system (or a portion of a duct system) meets either of these 
conditions, its energy efficiency can be calculated with the same ASHRAE 152P methodology used 
for small commercial buildings, except that the fan power efficiency should be calculated as outlined 
in this section. 

For large commercial buildings, the primary metric for distribution system performance is the 
transport energy (e.g., total energy used to transport air) per unit thermal energy  delivered (kWtransport / 
kWthermal-delivery). This metric obviously depends on the distance over which thermal energy needs to be 
transported, and therefore is a function of the size and geometry of the building. On the other hand, by 
using this as the primary metric, the use of distributed heating and cooling equipment can be 
compared with central systems. This metric also allows for comparisons of VAV and CAV systems, 
as well as the impacts of thermal/leakage losses on fan power. Calculating this parameter for a 
building on paper or using a computer is relatively straightforward, excluding any impacts of improper 
installation or operation. Determining this parameter in a building that has already been built is 
somewhat more difficult because measuring the total heating or cooling energy delivered to each zone 
requires air temperature and flow sensors at every grille and temporally continuous measurements. 

It should be noted that this definition implicitly assumes that thermal energy, including heat generated 
by transport, is only transferred to the conditioned zones through the supply grilles (or radiators for a 
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hydronic system). This assumption would be violated by exposed ductwork within the conditioned 
space. Similarly, this parameter does not properly account for reductions or increases in cooling or 
heating loads created by heat exchange with buffer spaces. These two limitations are not a problem for 
a building in the design process, as the thermal delivery to the zones is by definition the load in those 
zones. On the other hand, measurements of this parameter in a real building would need to be 
corrected for these two effects. 

There are several common sub-metrics that can be used to characterize fan power in large commercial 
buildings, including the following three: 

1. The specific fan power [Wfan/cfm], 

2. Fan airflow density [cfm/ft2], and 

3. Normalized fan power [Wfan/ft2]. 

The limitations and precise definitions of these parameters merit further discussion. 

The airflow (cfm) used for specific fan power [Wfan/cfm] can be defined in terms of the airflow 
delivered by the fan, or in terms of the airflow delivered to the conditioned spaces. Using the first 
definition is simply a measure of the efficiency of the fan airflow, which is determined by the airflow 
resistance of the duct system (leaks in the duct system serve to reduce its resistance). The existence of 
duct leaks therefore would produce a bias that reduces the value of the specific fan power. The second 
definition (using the airflow delivered to the zones) incorporates impacts of duct leakage, because leak 
reduction is excluded in the delivered airflows, thereby increasing the specific fan power. We suggest 
using the second definition. However, it needs to be made clear that neither definition specifically 
accounts for the impacts of thermal losses from the ducts (these losses increase the amount of air that 
needs to be moved, which affects the specific fan power by changing the operating point of the fan). 

The fan airflow density [cfm/ft2] is another fairly common metric for describing HVAC systems, 
however it also needs some clarification. As with specific fan power, the airflow at the fan is not 
necessarily equal to the sum of the grille airflows. If we use fan airflow in our definition, it implicitly 
penalizes duct leakage, in that more air needs to be moved to satisfy the load. In contrast, using the 
airflow at the grilles ignores the impact of duct leakage. To avoid double-counting the impacts of 
leakage, we define fan airflow density in terms of airflow at the grilles. Unlike specific fan power, 
both the airflow at the fan and the airflow at the grilles are affected by thermal conduction losses 
through the duct walls, because thermal losses translate into the need to move more air at both places. 
By defining this parameter based upon airflow at the grilles, we have a parameter that is not impacted 
in any significant way by duct leakage, but that does reflect thermal conduction losses. 

The normalized fan power [Wfan/ft2] is the most comprehensive and general of these common sub-
metrics, because it includes the impact of both leakage and conduction losses, and could apply equally 
well to air or hydronic distribution systems. 

An important point that has generally been ignored in conventional analyses of the energy impacts of 
duct leakage and conduction losses is their impact on fan power in large commercial buildings. In 
particular, the issue is that thermal or leakage losses reduce the quantity of energy that is delivered to 
the zones being conditioned. Thus, to meet the loads in these zones, more energy needs to be 
transported by the fan to make up for the energy that is lost along the way. As more energy transport is 
usually accomplished by moving more air, this also translates into larger pressure drops through the 
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ductwork. Thus, as fan power scales with the product of the airflow and the pressure differential, fan 
power increases dramatically as a result of thermal or leakage losses from the supply ducts1. Note that 
this is true even when the losses are all within the envelope of the building. 

One way to conceptualize the fan power impacts of duct losses is to think of leakage and conduction 
losses as short-circuiting the fan. If the supply ducts are in a ceiling-plenum return, then some of the 
losses from the supply ducts to that plenum are returned to the supply fan via the return air. Some of 
these losses are also delivered to the conditioned spaces through conduction across the ceiling tiles, 
although this is not always beneficial when there are simultaneous heating and cooling loads in 
different spaces. 

The losses from the ducts can be thought of as being partitioned by a “current-splitter”, with the larger 
fraction of the losses going down the path of least resistance. The two competing paths are back to the 
fan via airflow through the return plenum, and to the conditioned spaces via conduction through the 
ceiling plenum tiles. The effective conductance of the return air path is its airflow times the specific 
heat of the air, while the effective conductance of the ceiling tiles is their area divided by the R-value 
of the tiles. In general, the ratios of these two conductances imply that most of the energy is sent back 
to the fan.  

The sub-metric that can be used to quantify this effect of duct losses on fan power is called the duct-
loss power ratio, defined as the ratio of the fan power for an airtight, perfectly insulated duct system, 
to the fan power for the duct system in question. This factor depends upon the leakage and conduction 
losses from the duct system, and on the ratio of the effective conductance of energy back to the central 
system to the effective conductance of energy into conditioned spaces. It should be noted that this 
parameter does not account for the fact that conduction to conditioned spaces is not always beneficial. 

One important factor that has to be addressed when calculating the duct-loss power ratio is the impact 
of VAV boxes, in particular the impact of plenum air induction at these boxes. The issue is that the 
induction boxes represent a third path for the energy losses from supply ducts to leave the ceiling 
plenum. They draw in air that was otherwise going to be drawn back to the central fan; they then blow 
that air into the conditioned zones. In this respect, the induction airflows represent another conductive 
path between the return plenum and the conditioned spaces. Thus, when calculating the duct-loss 
power ratio, the product of the induction airflows (less any induction air leakage back into the plenum 
downstream of the induction fan) and the specific heat of air needs to be added to the conductance of 
the ceiling tiles.2 

Some additional sub-metrics that can be used for characterizing energy performance in large 
commercial buildings are similar to those for small commercial buildings: 

1. The supply and return duct fractional leakage airflows,  

2. The effective duct leakage area (ELA), 

                                                 
1 For example, if we assume that the airflow resistance of a typical duct system results in the pressure differential 
across the supply fan being roughly proportional to the airflow squared, then a 10% increase in supply airflow causes 
a 33% increase in supply fan power; a 20% airflow increase causes a 73% power increase. Note that this is an overly 
simplistic way to assess airflow impacts on fan power, but serves as a rough first order approximation. 
2 To complicate the issue, some of the induction air can leak back into the ceiling plenum downstream of the 
induction fan if the supply ducts transporting the induction air to the conditioned spaces are leaky. 
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3. The duct operating pressures, and 

4. The distribution effectiveness for thermal losses resulting from heat conduction through duct 
walls (the fraction of the sensible capacity lost due to conduction through the duct walls). 

The difference in large commercial buildings is that these parameters need to be calculated for 
sections of the ductwork, and not simply for the entire system. For example, the duct leakage needs to 
be split between before the VAV boxes and after the VAV boxes, as does the distribution 
effectiveness and the operating pressures. 

Most small commercial buildings and CAV systems in large buildings have single operating points, 
whereas VAV systems have a spectrum of operating points. The operating point impacts the operating 
pressures and the distribution effectiveness. These parameters should be calculated/measured for 
VAV systems at design conditions, as well as at a part-load point that is somehow related to the 
seasonal average value. The seasonal operating condition is not so difficult to quantify for a building 
on paper, but is likely to be problematic in measurement situations. Determining this condition in a 
building requires measurements over a reasonable time period to look for trends. For VAV boxes with 
heating coils, the energy gain/loss induced by the heating coils needs to be included in all distribution 
effectiveness calculations. 

I.4.2 Indoor Environmental Performance 

There are several metrics currently in use to describe comfort performance in large commercial 
buildings, some of which are even focused on the distribution system. One in particular is related to 
the distribution from the heating/cooling equipment to the supply grilles, rather than distribution 
within the zones after the airflow leaves the grilles. This metric specifically excludes the metrics that 
treat room air mixing or temperature mixing, or that try to address zone velocity, humidity, or 
radiation impacts on comfort. Although our definition of the distribution system ends at the entry 
points to the zone, the spatial temperature variation of supply grille air temperatures is still a useful 
surrogate metric for the capability of the distribution system to affect comfort. For each zone, this 
variation can be represented by the standard deviation of the temporally coincident air temperatures at 
each supply grille serving that zone. From zone to zone, the spatial temperature variation of supply 
grille air temperatures can be represented by the standard deviation of the temporally coincident zonal 
average supply grille air temperatures. 

The key difference between the IAQ metrics used in large commercial buildings and those described 
for smaller buildings is that large commercial buildings usually cannot be treated as single zones; they 
have different zones with different load requirements, and the dilution of pollutants is affected by local 
air change rates (e.g., in a room) and transfer air change rates between zones, as opposed to the overall 
air change rate of the building. In a manner similar to using the standard deviation of normalized 
supply grille airflow for small systems, one can adopt basic statistics (i.e., max, min, mean, and 
standard deviation) of supply airflow to characterize the mechanical ventilation impact for large 
systems under certain operating conditions. In this case, supply airflow means the sum of all supply 
grille airflows within the same zone, normalized by occupancy or zone floor area. The other key issue 
with large commercial building metrics is the need to define typical operating conditions for systems 
that are often very complex (e.g., temporal variation in VAV systems, additional airflow through 
induction units). 
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In assessing the performance of an air distribution system and its impacts on comfort and air quality, it 
is almost impossible to obtain quantitative measurements, but it is relatively easy to obtain qualitative 
information about a system’s design, operation, maintenance, and control. Consequently, a checklist is 
needed. Some of the characteristics to record include: 

• Weather Conditions (temperature, wind speed, humidity) 

• Faulty or closed outdoor air dampers 

• Failed/damaged ventilation or exhaust fans 

• Dirty ducts and/or filters 

• VAV terminal box dampers that close off completely 

• Failed fire dampers that might close off airflow 

• Lack of a purge cycle at system startup 

• Faulty fan-tracking control on air handling system 

• Faulty building pressure set point (e.g., negative building pressure) 
 

I.5 Diagnostics for Evaluating Thermal Distribution System Metrics 

I.5.1 One-Time and Short-Term Diagnostic Measurements for Energy Performance 

I.5.1.1 Duct Leakage: Duct leakage characterization includes determining the supply duct air-
leakage ratio, which can be performed using two independent methods: 

1. Subtracting the sum of supply grille airflows from the measured supply fan airflow, and 

2. Calculating leakage airflow from measured duct effective leakage area (ELA) and duct 
operating pressures. The difference between characterizing large and small systems is that we 
separate the evaluation of operating pressure and ELA based on main-duct and branch-duct 
levels, respectively. 
For CAV systems, the diagnostics involve a one-time measurement under fixed operating 
conditions. For VAV systems, the characterization of air-leakage ratio is limited to one 
particular operation condition that is likely to be fixed during airflow measurements. 
However, for the second diagnostic, the operating pressures and supply airflows need to 
be monitored continuously over a range of normal operating conditions (e.g., days, and 
perhaps seasonally depending on how induction fans operate). 

I.5.1.2 Distribution Effectiveness: Distribution effectiveness (temperature effectiveness), which 
quantifies thermal conduction losses, can be determined by measuring the temperature 
drop/rise along supply ducts (e.g., between air-handler coils and VAV box inlets, and 
between VAV boxes and supply grilles). For CAV systems, temperatures and airflows 
can be measured under steady-state operation, with and without reheat operation. For 
VAV systems, temperatures and airflows need to be measured over a range of normal 
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operating conditions to account for variable airflow, reheat coil operation, and induction 
airflows. 

I.5.1.3 Duct-Loss Power Ratio: Diagnostics for this metric require further development before 
they can be practically applied. 

I.5.1.4 Equipment Performance: Some relevant characteristics in small commercial buildings 
are the capacities of the cooling and heating equipment and the fan, including total fan 
airflow (cfm). In addition to measuring airflows through the equipment, determining the 
cooling and heating capacities requires measurements of temperature and humidity 
upstream and downstream of the equipment, so that enthalpy changes can be calculated. 

I.5.1.5 Fan Operation: This metric is used for small CAV systems. One can determine the fan’s 
on-time by recording when the space conditioning unit is on and off and then calculate 
the ratios of fan operation hours when the unit is off to total fan operation hours during 
the cooling and heating seasons, respectively. Although short-term data are useful, data 
from a whole-year of monitoring can provide additional important information on energy 
saving implications due to seasonal effects. 

I.5.1.6 Cycle-Average Distribution Efficiency: This metric is used for small CAV systems. It 
can be determined on a minute-by-minute basis throughout compressor and furnace 
cycles by short term monitoring of air temperatures and flows. 

I.5.1.7 Transport Energy Ratio (kWtransport/kWthermal-delivery): This metric is the total energy used 
to transport air (kWtransport) per unit thermal energy delivered (kWthermal-delivery), and is only 
used for distribution-system performance in large commercial buildings. Determining this 
parameter in a building that has already been built tends to be impractical because 
measuring the total heating or cooling energy delivered to each zone requires air 
temperature and flow sensors at every grille and temporally continuous measurements. 

I.5.1.8 Specific Fan Power (Wfan/cfm): This metric does not account for the thermal losses 
along the ductwork. One of the required measurements is the fan power, either measured 
one-time (CAV) or through short-term monitoring (VAV). The cfm is the total delivered 
airflow, which is obtained by measuring the supply grille airflows under a typical 
operating condition (heating, cooling, or mechanical ventilation mode). This parameter is 
relatively constant for CAV systems, changing only as ductwork gets dirty or begins to 
leak, or as fans wear out or become dirty. For VAV systems, this parameter changes as 
the system operating point changes. In addition, for VAV systems with induction units, it 
is practically impossible to separate the airflow delivered by different components. In 
general, determining this metric is impractical for VAV systems with or without 
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induction units, unless for diagnostic purposes the system is placed in a fixed operating 
mode and the induction fans are turned off. 

I.5.1.9 Fan-Airflow Density (cfm/ft2): The airflow per unit floor area in each zone can be 
determined by measuring the conditioned floor area and the total airflow delivered to 
each zone under certain operating conditions. As described in Section I.4.1, this metric 
reflects the impacts of thermal conduction losses while not discounting duct leaks in a 
significant way. Like specific fan power, the metric is impractical for VAV systems, 
unless for diagnostic purposes the system is placed in a fixed operating mode and the 
induction fans are turned off. 

I.5.1.10 Normalized Fan Energy (Wfan/ft2): As described in Section I.4.1, this metric reflects the 
combined impacts of duct leaks and thermal conduction losses, and can be examined for 
large commercial systems, especially CAV systems, by measuring fan power and the 
conditioned floor area. A one-time measurement of power is needed for a CAV system, 
whereas short-term monitoring over a range of normal operating conditions is needed for 
a VAV system. 

I.5.2 One-Time and Short-Term Diagnostic Measurements for 
Environmental Quality Performance 

I.5.2.1 Duct Loss Location: Inspecting ducts involves qualitative (e.g., visual) and quantitative 
measurements. This includes inspecting the ceiling plenum to determine the location of 
insulation and venting, and conducting pressure and temperature measurements to 
determine the location of the air and thermal boundaries. In addition, for large systems 
located in multi-story buildings, it is necessary to examine the ceiling plenum for the top 
floor in this regard. These diagnostics can be conducted on a one-time basis. 

I.5.2.2 Duct-System Airflow Resistance: Determining airflow resistance involves measuring 
airflows and operating pressures in supply and return ducts, including at a minimum the 
pressures in the equipment plenums and at the supply grilles. For CAV systems, this can 
be a one-time measurement in a desired mode (e.g., heating, cooling, and/or mechanical 
ventilation). For VAV systems, continuous monitoring is required over a range of normal 
operating conditions (e.g., several days). 

I.5.2.3 Balanced and Unbalanced Leaking Airflow: This applies to small systems only. It 
involves measuring the leakage airflows for the supply and return ducts. 

I.5.2.4 Zonal Pressure Distribution: The zonal pressure distribution can be measured to the 
nearest 0.1 Pascal under different operating conditions, and can include measurements of 
both occupied and buffer zones, with reference to outdoor air or to an adjacent zone. Zone 
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pressurization and depressurization data when coupled with zonal leakage area 
measurements can provide useful information about the potential for unintended airflows 
that might affect comfort and air quality. 

I.5.2.5 Comfort Capability Index: As described in Section I.3.2, this metric is the ratio of 
delivered thermal capacity at the grilles to the thermal capacity delivered by the HVAC 
equipment. It can be determined in the same manner as the duct-system energy efficiency 
under design conditions in ASHRAE Standard 152P. 

I.5.2.6 Spatial Temperature Variation: The spatial distribution of air temperatures can be 
determined by measuring the temperature of air exiting each supply grille. This metric 
includes a combination of standard statistical parameters (i.e., maximum, minimum, 
mean, and standard deviation), which can be calculated using the measured temperature 
data. For small systems, the statistical parameters are based on all the supply grilles; for 
large systems, the metrics should be presented at two levels: one within each zone; the 
other between zones based on the mean air temperature at all supply grilles for a zone. 
Note that measuring the supply air temperature at every grille in a large commercial 
building is impractical (particularly for a building with a VAV system); in this case, 
sampling techniques need to be used to obtain representative information. 

I.5.2.7 Spatial Airflow Variation: The spatial distribution of supply airflow can be determined 
by measuring airflows at all supply grilles normalized by the served floor area (cfm/ft2) or 
occupancy (cfm/person), and compared to the associated design supply airflows (cfm/ft2, 
or cfm/person). The relevant metric for a single zone is the standard deviation of the 
ratios of actual airflows to the design airflows. For CAV systems, this involves a one-
time measurement. In general, determining this metric is impractical for VAV systems 
with or without induction units, unless for diagnostic purposes the system is placed in a 
fixed operating mode and the induction fans are turned off. 

I.5.2.8 Other Qualitative Measurements to Be Recorded: See the checklist described in 
Section I.4.2. 
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In-Situ Characterization of the Thermal Distribution System 
in a Large Commercial Building 

Summary 
This appendix describes our recent in-situ characterization activities in a 25 story office building 
in Sacramento, California; we carried out this work as part of the PIER “Thermal Distribution 
Systems in Commercial Buildings” project. Our review of the literature and our previous 
research has found very little characterization of the actual performance of thermal distribution 
systems in large commercial buildings. Our initial duct leakage assessment using conventional 
industry methods indicated that the duct system was leaky, but this was only part of the story. By 
conducting more sophisticated duct leakage airflow diagnostics, we determined that the actual 
airflow through these leaks was small (about 5% of air handler flow at operating conditions), and 
consequently less significant. Visual inspection of our test building showed every indication of a 
“tight” thermal distribution system: good application of mastic, metal bands at joints, and overall 
high quality installation. In order to demonstrate the impact of duct leakage, we introduced 
measured leaks and monitored the impact of these controlled leaks to determine their impact on 
the HVAC system energy consumption. 

The principal outcome from this project is that the energy impact of duct leakage in large 
commercial buildings can be substantial. By adding 15% duct leakage to make a total of 20% at 
operating conditions, we found that the added leakage leads to an increase in air-handler supply 
fan power of up to 37%, and an overall increase in total fan power (air-handler supply fans plus 
induction fans) of up to 26%. The total fan power increase is lower because the added duct 
leakage causes induction fans to operate less often. 

Previous simulations (Franconi et al. 1998) have suggested that the energy impacts of 20% duct 
leakage are larger: on the order of 60% to 70% of the total fan energy consumption. However, the 
duct leakage fraction in the simulations is normalized by nominal design supply airflow rather 
than by operating supply airflow. Redefining our duct leakage fraction to match the definition 
used in the simulations means that the duct leakage that we added was about 10% of the nominal 
design supply airflow. Given that our leakage fractions were about 50% of those used in the 
simulations, and assuming that fan power is somewhere between a quadratic and cubic function 
of airflow, our measurements are consistent with the simulation results. 

The remainder of this appendix provides a general description of the test building and its thermal 
distribution system; a description of our monitoring and diagnostic activities; a summary of our 
preliminary duct leakage findings; a description of the HVAC system airflow diagnostics that we 
carried out prior to and during our duct leakage intervention tests; and a summary of our HVAC 
fan power measurements, and other findings. 

Building and Thermal Distribution System – General Description 
For our large commercial building characterization and duct leakage intervention study, we 
selected an office building in Sacramento, California. Eley Associates is also studying this 
building for a different PIER project (New Buildings Institute, Element 3: Integrated Design of 
Large Commercial HVAC Systems), so it offers the potential for collaboration between our 
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efforts. The building, first occupied in April 2001, has 25 stories and a total floor area of 
955,000 ft2. Our study focused on two floors with similar occupancy and use (each 
approximately 29,000 ft2 in floor area). We extensively characterized the HVAC system 
operation on the intervention (17th) floor before installing duct leaks on this floor; we used the 
16th floor as a control floor (i.e., with no changes to the HVAC system as a basis for comparison 
to the intervention floor). 

Each floor has four separate air-handlers, with two nominal 15,000 cfm, 15 hp supply air-
handlers per floor and two nominal 10,000 cfm, 5 hp relief air-handlers per floor. Each pair of 
supply and relief air-handlers is located in a separate mechanical room at the northeast and 
northwest corners of each floor, and each air-handler uses an EMCS-controlled variable-
frequency-drive. Each supply air-handler is a draw-through packaged unit equipped with an air 
mixing chamber, a filter section, a hot-water air preheat coil, a chilled-water air cooling coil, and 
a backward-curved plug fan. Each relief air-handler uses a backward-curved tube-axial 
centrifugal fan. A central plant with boilers and chillers  supplies the appropriate air-handler coils 
with cold and hot water. 

Together, the two supply air-handlers on each floor serve a single-duct VAV system supply loop 
that in turn serves 34 VAV boxes on the intervention floor and 38 boxes on the control floor (see 
Figure II-1). The difference between the number of zones on the two floors is due to slight 
changes in room configuration, and does not affect our findings. A single duct-static-pressure-
sensor in each loop is located at the farthest point from the air-handlers. The 13 perimeter VAV 
boxes on the intervention floor and the 14 perimeter boxes on the control floor have discharge 
electric reheat coils (750 to 2,500 W, staged) and are parallel-fan-powered (1/6 and 1/4 hp 
induction fans), with the fans drawing their induction air from the ceiling plenum return through 
a pleated filter and discharging into the primary air section of the box through an adjustable 
fixed-stop gravity backdraft damper. The core VAV boxes have no reheat and no induction fans. 
Each VAV box inlet has a flow grid located immediately upstream of its EMCS-controlled 
primary air damper. 

In total, the VAV boxes on the intervention floor serve 103 supply grilles, each with a manual 
volume damper located near the branch takeoff. Most supply grilles use 2’ x 2’ perforated-face 
grilles and discharge in multiple directions; exceptions are the wall grilles in the two electrical 
rooms, a discharge with no grille in the communications equipment room, and the linear slot 
diffusers in the two main elevator lobbies. The 2’ x 2’ grilles sit in the ceiling between T-bar 
sections, with a small gap between the grille edges and the T-bar sections. 

With the exception of the elevator lobbies (portions of the slot diffusers also serve as return 
grilles), ceiling returns are 2’ x 2’ perforated-face grilles. The mechanical rooms are each 
connected to the ceiling space through a short return transfer duct, and serve as a large plenum 
from which the supply air-handler draws its return air through EMCS-controlled return dampers. 

Outdoor air is ducted to each supply air-handler mixing box from a wall louver and through two 
parallel EMCS-controlled dampers: a minimum outdoor air damper and a larger economizer 
damper. Return air is exhausted directly from each mechanical room to outdoors by the relief air-
handler, as needed to control indoor-outdoor pressure difference for the floor. The indoor 
pressure appears to be referenced to the outdoor pressure at the building roof. 
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Figure II-1. Duct layout for intervention floor. The control floor’s duct layout is similar. 

All ducts are constructed from sheet metal, except for the flexible duct connections to the supply 
grilles. All joints are covered externally with mastic. We also found mastic covering the inside of 
branch duct connections to the VAV box plenums. Except in the mechanical rooms and in the 
ceiling space near those rooms where there is internal insulation, external insulation with a vapor 
barrier covers the ducts. 

HVAC System Operation - Cooling Mode: The building operated in cooling mode during our 
duct leakage intervention study. In this mode, the EMCS puts each floor’s air handling system 
through a short smoke control system check between about 2:00 a.m. and 2:30 a.m. 

If pre-cooling is not needed, the HVAC systems are put into occupied mode around 4:00 a.m. 
and the systems run to maintain zone temperature conditions until 6:00 p.m. If pre-cooling is 
needed (dictated by building and outdoor temperatures measured at midnight), the corresponding 
HVAC system is put into economizer mode (outdoor air dampers fully open) and the air-handler 
supply fans are operated for pre-cooling. The relief fans run as needed to maintain building 
pressures. 

During the occupied mode, the discharge duct temperature measured at the outlet of the air-
handlers is used to control the heating and cooling valves serving the coils upstream of the air 
handler supply fan. The temperatures measured by the EMCS zone thermostats are used to 
determine the corresponding amount of primary air needed from the main loop through the VAV 
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box to each zone. The primary air damper is adjusted accordingly. For the powered boxes, the 
induction fans are energized if the primary airflow is less than 40% of the damper’s throttling 
range maximum set point. 

Building Monitoring 
We extensively monitored the intervention and control floors to characterize HVAC system 
operation and to determine the impact of duct leakage on fan energy consumption. The 
monitoring occurred over the period from November 2001 to early August 2002. Much of the 
monitoring in advance of our duct leakage intervention tests during the summer of 2002 was used 
to support our characterization diagnostic tests, but was also useful to troubleshoot the operation 
of our monitoring equipment and to validate the data being collected using the building’s Energy 
Management Control System (EMCS). Our monitoring using the EMCS involved recording data 
for 232 measurement points. In addition, we installed 96 temperature, relative humidity, pressure, 
and power monitoring points. Table II-1 summarizes these 328 points. 

Table II-1. Monitoring point summary. 
 EMCS Monitoring LBNL Installed Monitoring 
Supply Fans  Electricity consumption, pressure, airflow 
Relief Fans  Electricity consumption 
Outdoor Air Supply Minimum outdoor airflow; economizer 

damper position 
Air temperature; relative humidity 

Return Air Damper position; air temperature; relative 
humidity 

Airflow, air temperature; relative 
humidity 

Air Handler Cabinet Supply air temperature (after fan) Supply air temperature and relative 
humidity (after supply fan and before 
heating coil); air temperature between 
cooling coil and supply fan 

Zones (All) Zone air temperature, primary airflow  
Zones (All with Induction 
Fans and Heaters) 

Induction fan status (off / on); box reheat 
status (off / 1st stage / 2nd stage) 

 

Zones (Detailed)  Air temperature and static pressure before 
and after VAV box; total pressure after 
box; air temperature in VAV box before 
heater (where applicable); air temperature 
at inlet to induction fan (where 
applicable); supply air temperature at the 
farthest grille 

Zones (Partial Detail)  Supply air temperature at the farthest 
grille 

Outdoor Conditions Air temperature; relative humidity  
Miscellaneous 
Temperatures and 
Pressures 

Static pressure in supply loop (one 
location per floor); indoor-outdoor static 
pressure difference 

Static pressure in far supply loop corners; 
ceiling plenum air temperature (two 
locations, intervention floor) 

 

Zones: On the zone level, the building’s EMCS was set to record zone temperatures and all VAV 
box primary airflows on the control and intervention floors. For the VAV boxes with induction 
fans, the EMCS also recorded induction fan status (on / off) and box heater status (off / stage 1 / 
stage 2). We measured the induction fan power as a function of VAV box primary airflow 
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reported by the EMCS. The EMCS primary airflow and fan status data were then used to 
calculate induction fan energy over the test period. We also measured the heater power for each 
powered VAV box. 

We monitored four VAV boxes on the intervention floor (North and South locations, two with 
induction fans and two without) in detail using Onset Hobo Pro temperature sensors and two 
Energy Conservatory 8-channel Automatic Performance Testing (APT) systems. Temperatures 
were measured before the VAV box, inside the box before the heater (where applicable), after the 
VAV box, and at the farthest supply grille. The APTs were used to measure and record duct 
static pressures before and after the VAV boxes, as well as downstream duct total pressure. 

We also installed Onset Hobo Pro temperature sensors at the farthest supply grille for ten other 
VAV boxes: four on the intervention floor, representing East and West orientations, with and 
without induction fans and heaters; and eight on the control floor, two on each of the four 
orientations, with and without induction fans and heaters. 

Mechanical Rooms: Onset Hobo Pro temperature/relative humidity (RH) sensors were installed 
to monitor thermal conditions in the outdoor air intakes, at the return dampers (for calibrating 
EMCS data), before the heating coils, immediately after the cooling coils (before the system 
fans), and after the system fans. These thermal data were primarily collected to support our 
airflow diagnostics and monitoring, but are also useful for future evaluations of floor-by-floor 
heating and cooling coil demand imposed on the central plant. Pressure transducers (Setra 264, 
Modus T10, and Validyne DP103) were used to translate the supply grid and return grid 
pressures and the supply and relief fan static pressures to millivolt signals for the Datataker 50 
data logger. Ohio Semitronics WL45R electric power transducers were installed and connected to 
the Datataker 50 to monitor supply and relief fan electricity usage. Each electric power 
transducer produces a pulse output that the data logger records on a minute by minute basis. 

Outdoor Conditions: The EMCS recorded outdoor temperature and relative humidity, as well as 
calculated enthalpy, during the test period. We also installed two Onset Hobo Pro 
temperature/RH sensors in the outdoor air plenums on the intervention floors so that we could 
later compare the EMCS data to our measurements. 

Additional Data Collection for Others: Following our monitoring period, Eley Associates and 
Taylor Engineering plan to conduct part of their PIER research project in the same building. To 
better facilitate their data needs, we installed additional measuring equipment in the intervention 
and control floor mechanical rooms: pressure (static across the supply and relief fans) and relief 
fan airflow. We also added zone damper positions to the points being monitored by the EMCS. 

Data Synchronization: We used the duct static pressure signal at the system test time (~2:30 
am) to synchronize the EMCS data to the data logger supply fan power and airflow data. The 
EMCS data were recorded at one, two, or five minute intervals, depending on the point being 
monitored. We interpolated to estimate missing values. For longer time periods (up to 60 
observations once or twice a week during EMCS data download by building staff), we 
interpolated based on two values: the average of the observations in the hour before the missing 
data and the average of the observations in the hour after the missing data. This approach did not 
change the results significantly. We used the factory calibration for the power transducers and 
calibrated the airflow measuring equipment as discussed in the “Characterization of HVAC 
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System Airflows” section, which follows. The outdoor air temperatures and zone temperatures 
discussed in this report are as reported by the EMCS system. 

Diagnostic Tests: Besides downloading and retrieving monitoring data, our main efforts during 
our approximately 30 field visits to the building included a number of diagnostic tests to 
characterize the system and study operational modes. These tests included: 

Tracer gas measurements: 

• Air-handler supply fans 

• VAV box primary airflow grids 

Pressure Diagnostics: 

• Carried out static pressure traverses of air-handler supply fan plenum to determine the 
optimal location for static pressure taps used to measure static pressure rises across the 
supply fan (for Eley/Taylor project). 

• Determined main loop static pressure profiles at different operating conditions to assess 
uniformity of pressure and to identify limits for VAV box opening that allow HVAC 
system to maintain loop set point static pressure. 

• Measured pressure differences across doors to corridors, bathrooms, electrical rooms to 
validate airflow diagnostic anomalies. 

• Measured static pressures in VAV boxes and at installed downstream leakage sites as a 
function of the EMCS-reported VAV box primary airflow. 

• Measured operating pressures at installed downstream and upstream leakage sites to 
support leakage airflow calculations. 

Flow Hood Measurements: 

• Used powered flow hoods to determine the total airflow exiting the supply grilles (sum of 
supply grille airflows). 

• Used powered and commercially available flow hoods on a sample of grilles to test flow 
hood repeatability and to assess hood usability and accuracy for a rapid duct leakage 
screening method. 

Leakage Diagnostics: 

• Carried out component and total duct leakage tests at all detail and partial detail VAV 
boxes on the intervention floor. This included determining component leakage areas of 
the VAV box, induction fan damper, ducts, and grilles. 

• Measured duct leakage upstream of the VAV boxes by fully closing all VAV primary air 
dampers and using a calibrated fan and flowmeter at the air-handler supply fan plenum. 

• Conducted HVAC system and VAV box inspections and measurements to develop plans 
to add calibrated leakage and to demonstrate leakage sealing using the multiple compact 
aerosol injector. 

• Tested effectiveness of backer rod insulation to seal leaks at supply grille edges. 
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Diagnostics Using the EMCS: 

• Set the individual VAV box primary airflow set point to zero: record the primary airflow 
that the EMCS reports and visually determine the actual position of all primary air 
dampers. 

• Measured induction fan and heater power as a function of VAV box primary airflows 
(Base leakage case and downstream leakage case) (using Elite Pro power monitor). 

• Carried out VAV box airflow capacity tests to determine the range of primary airflow set 
points (% of cooling maximum set points) that correspond to maintaining 1” w.c. in the 
main loop. 

Diagnostics for Others: 

• Modulated outdoor air / return air dampers for airflow tests. (Federspiel Controls) 

• Maintained constant duct pressure for duct traverses. (Eley Associates / Taylor 
Engineering) 

• Taught Taylor Engineering how to download monitoring data for their PIER project. 

System Layout & Equipment Inspections: 

• Verified and noted changes to duct layout as shown in plans. 

• Developed detailed duct maps of four VAV boxes that we studied in detail and four 
partial zones on the intervention floor (lengths, sizes, location). 

• Inspected equipment to verify measurement results. 

Miscellaneous Calibrations: 

• Calibrated pressure transducers. 

• Installed physical filters on relief fan static pressure taps. 

• Calibrated EMCS thermostat data with Onset Temperature Hobos (data collected to be 
analyzed as part of a future thermal analysis project). 

• Calibrated analog airflow gauges on air-handler supply fans in support of a rapid duct 
leakage diagnostic. 

• Used an aspirated temperature sensor to estimate the radiant component of temperature 
sensors downstream of powered VAV boxes, based on primary airflow, induction fan, 
and heater status. 

Preliminary Assessment of Duct Leakage 
To determine whether there was adequate leak-sealing potential for our retrofit study, we used 
duct pressurization techniques similar to those described by SMACNA (1985) to measure the 
leakage of six sample duct branches on the intervention floor, as well as the leakage of the main 
loop duct system on that floor. Table II-2 summarizes the results from those tests, using several 
different metrics to express the leakage. Duct surface areas in Table II-2 are based on field 
measurements of the ducts as they are actually installed. 
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Table II-2. “As Found” duct leakage based on duct pressurization tests. 

VAV 
Box* 

Number of 
Supply 
Grilles 

ELA25 
(cm2) 

Duct 
Surface 

Area (ft2) 

ELA25 / 
Surface Area 

(cm2/m2) 

Leakage 
Class, CL 

(cfm/100 ft2) 

Leakage Flow 
@ 1" w.c. 

(cfm) 

1702 3 53 198 2.9 128 252 
1704 2 53 152 3.7 183 278 
1708 2 54 139 4.1 200 278 
1712 3 51 243 2.3 120 292 
1720 5 67 321 2.2 114 367 
1729 5 163 291 6.0 282 821 

Average**  56 210 3.1 149 294 
Loop  52 5,076 0.1 6 309 

* VAV boxes 1702 through 1712 are parallel fan-powered and have backdraft dampers at the fan discharge into the VAV 
box; the other two boxes (1720 and 1729) are unpowered and have no backdraft dampers. 

** The averages in Table II-2 exclude Box 1729. That VAV box has two different, much leakier supply grilles (4 ft. long 
linear slot diffusers instead of 2 ft. square perforated-face multiple-throw diffusers). 

Table II-2 indicates that the leakage class (CL) for the tested branches (downstream of the 
primary air dampers, and including VAV box leakage at the induction fan air intake dampers) 
was approximately 114 to 282 cfm at 1 in. w.c. pressure per 100 ft2 of duct surface area. This 
leakage is about mid-range compared to the leakage (CL = 58 to 606 cfm per 100 ft2) of branch 
ducts that we have tested in other large commercial building systems (Xu et al. 2002). 

The supply loop is very tight (CL = 6 cfm / 100 ft2) in comparison to the branch ducts. This 
finding was not surprising given that the building is new and the main supply loop was well 
sealed with mastic. The supply loop includes all ducts between the supply fans and primary air 
dampers. Other systems that we have tested (Xu et al. 2002) have been leakier (CL = 34 to 
121 cfm/100 ft2). 

Component Leakage Tests: Component leakage tests that we conducted on the six branches 
indicate that induction fan backdraft damper leakage, grille edge leakage, and slot diffuser boot 
leakage are the most significant components of the branch leakage area. Excluding Box 1729, 
which has the slot diffusers with higher leakage areas, the backdraft dampers are about 7 to 13% 
of the leakage area (ELA25 of 4 to 7 cm2), while the grille edges are about 54 to 75% of the 
leakage area (ELA25 of 29 to 51 cm2). The larger fractions for the dampers correspond to boxes 
supplying fewer grilles; the larger fractions for the grille edges correspond to branches with more 
grilles. Accounting for the number of grilles in each branch, the average backdraft damper and 
grille edge leakage area (ELA25) is about 5 cm2 and 12 cm2 respectively. Due to the long 
perimeter of each grille (8 feet), the grille edge leakage is very sensitive to grille seating on the T-
bar supports: this leakage can easily vary by a factor of two due to poor seating. 

The two slot diffuser boots attached to one takeoff from Box 1729 are very leaky. With the edges 
of the other three grilles sealed, 78% of the leakage remained (ELA25 of 128 cm2). Even after 
considerable sealing of the supply boots to the slot diffuser with tape, 44% of the leakage still 
remained. Almost half of the slot diffuser boots are difficult or impossible to seal, because of 
poor access to parts of the assemblies that are located adjacent to elevator shaft walls. 
Fortunately, there are only four slot diffusers on the entire floor. 
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The component leakage tests that we have carried out do not address duct leakage airflows. 
Those airflows depend on leakage area and pressure across the leak. Leaks at the induction fan 
backdraft dampers are at much lower pressure differences than in the main loop, and leaks at the 
grille edges are likely at even lower pressure differences. Based on our monitoring, the loop 
operates at a pressure of about 250 Pa; the branch pressures in the plenums downstream of the 
VAV boxes vary widely from about 0.2 Pa to 84 Pa, more so for some boxes than others, and 
depend on the positions of the primary air dampers and whether the induction fans are operating. 
Such a wide range of pressures is not helpful in determining duct leakage airflows. For example, 
using the pressure difference range of 0.2 to 84 Pa with the component leakage areas that we 
have measured and extrapolating to the entire system indicates that the total system leakage could 
be anywhere from 500 to 7,000 cfm (about 60% in the loop in the lower case, and about 60% at 
the 99 grille edges in the higher case, with only about 10 to 15% from the backdraft dampers and 
slot diffusers in either case). 

If the grille edges have significant leakage airflows, then it makes sense to try to seal them. 
Unfortunately, the pressure differences across the grille edge leaks are practically impossible to 
directly measure in the field, so one cannot determine the grille leakage airflows based on 
leakage area. To circumvent this problem, we conducted diagnostic tests to assess the impact of 
sealing the grille edges on the airflow leaving the grilles. Using a powered flow hood, we 
measured grille airflows before and after sealing the grille edges for all five grilles of one 
unpowered VAV box (using closed-cell-foam round backer rod as a seal; taping the joints 
produces the same effects, but the rod is faster to install). The airflows from the grilles increased 
23 cfm from an initial total of 1,507 cfm (1.5% increase); each grille airflow increased 2 to 8 
cfm. The total increase of 1.5% is not significant, as it is within the measurement precision of our 
flow hood. In contrast, the leakage area of the VAV box downstream section (including the grille 
edges) decreased from 69 cfm25 to 23 cfm25 when the grille edges were sealed (67% reduction). 
Based on these results, it appears that even though the grille edges have significant leakage area, 
the effective pressures at the grille edges are very low, and there is no significant leakage airflow 
across these edges. Therefore, it does not seem worthwhile to further pursue sealing techniques 
for grille edges. 

To further understand opportunities for duct leakage reduction, we carried out laboratory 
diagnostics on one fan-powered VAV box to evaluate VAV box component leakage areas. Based 
on our measurements, about 30% (5 cfm25) of the box leakage is across the partition separating 
the primary air path from the induction fan inlet, with about 70% (3 cfm25) of that at the fan 
backdraft damper. Our component leakage field tests indicated damper leakage could be 2 to 3 
times greater than this value in other boxes, but it seems that damper leakage may not be a 
significant issue, particularly when there are only a few VAV boxes with such dampers. In any 
event, field retrofits to reduce backdraft damper leakage would be difficult because of limited 
access and aerosol sealing cannot be used to seal the damper edges (the damper needs to open 
when the induction fan is on). Providing a better sealing for the backdraft damper and partition 
appears to be a design and manufacturing issue more so than an installation or field retrofit issue. 

Characterization of HVAC System Airflows 
Although air leaks from supply ducts, is captured in the return air, and may be regained from a 
thermal viewpoint, the leakage airflow does not reach the conditioned spaces directly. To 
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maintain the main duct static air pressure at its set point, all leakage upstream of the VAV boxes 
must be made up by an increase in the supply fan airflow. Leakage downstream of the VAV 
boxes must be made up by supplying more air to the VAV boxes. To deliver more supply air, 
VAV box primary air dampers need to open further. Consequently, to maintain the main duct 
static pressure at its set point, an increase in the supply fan airflow is also needed to compensate 
for the downstream leakage airflows. The increase in the supply fan airflow in turn requires the 
supply fan speed to increase. Because the relationship between fan power and airflow is 
approximately a cubic function, the increase in supply airflow means that a large fraction of the 
supply fan power is used just to move the leaking air. Note that some of the thermal losses 
associated with duct leakage are not entirely recaptured during periods of economizer use, 
because relief fans discharge some of the return air directly to outdoors to maintain building 
envelope pressure differentials that would otherwise increase due to the increased outdoor 
airflows entering the building through the economizer. 

Duct leakage airflows depends not only on leak size, but also on leak location, because the 
pressure difference at the leaks varies throughout a VAV system, particularly downstream of the 
VAV boxes. The pressure difference at each leak is determined by the airflows through the ducts 
and the airflow resistance of the duct system. Consequently, to understand duct leakage, one also 
needs to understand how airflows vary throughout the duct system. There are many HVAC 
system airflows of interest in this study: supply airflows, return airflows, outdoor airflows, VAV 
box primary airflows, VAV box induction airflows, supply grille airflows, and duct leakage 
airflows. The following sections describe in more detail how we determined each type of airflow. 

HVAC System Airflow Calibrations and Diagnostics 
Few HVAC system airflows on the intervention and control floors could be monitored using the 
Energy Management Control System (EMCS). The only airflows that could be monitored this 
way were the minimum outdoor airflows and the primary airflows entering each VAV box. We 
installed equipment to monitor supply fan and return airflows (the difference being total outdoor 
airflow, which includes economizer airflow). In particular, we installed equipment to measure the 
pressure difference across existing airflow grids (air-handler supply airflow) and across flow 
grids that we installed (return airflow). These pressure differences were then correlated to 
airflows by applying calibration equations that we developed. 

We also made detailed airflow measurements for four VAV boxes: two have induction fans 
operating in parallel with the primary air; the other two are non-powered and have no induced 
airflow. We calibrated the primary inlet flow grid for each box and, for the boxes with fans, also 
measured the actual amount of induction airflow while varying the primary airflows. Obtaining 
these airflows with and without added downstream duct leakage was advantageous because the 
resulting data will support future analyses of the efficiency of the VAV units and their 
downstream duct sections under varying operating conditions and leakage configurations. The 
flow grid data have already been useful in assessing and rejecting various duct leakage sampling 
techniques that might use the EMCS airflow data to determine duct leakage airflows. 

Calibration of the Supply Fan Flow Grids via Tracer Gas: Each supply fan (two on the 
control floor and two on the intervention floor) has an inlet airflow grid to measure the supply 
airflow, but none were connected to the EMCS system; each grid was instead connected only to 
an analog gauge that allows building engineering staff to determine airflow on a “snapshot” 
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basis. To monitor the supply airflow continuously (minute by minute), we installed pressure 
sensors connected to our data loggers and recorded the pressures that the airflow grid sees. Figure 
II-2 is a picture of a supply fan inlet with its flow grid. 

 

Figure II-2. Air-handler supply fan inlet. Note the two vertical copper tubes that comprise 
the airflow station. A tube for lubricating the shaft bearing can also be seen, as well as one 
of the temperature sensors that we installed. 

For each fan, to determine the relationship between the pressure difference across the supply fan 
flow grid and the airflow through the supply fan, we first calibrated the flow grid using a tracer 
gas technique that determines the airflow. The approach was to set the system for 100% outdoor 
air (with closed and sealed return air dampers). Sulfur hexafluoride3 tracer gas was then injected 
into the duct system at a constant and measured rate immediately upstream of the cooling coil 
(which is upstream of the supply fan and downstream of the return and outdoor air inlets). A 
diffuse injection was accomplished by using a “soaker hose” spread out across the coil. The 
tracer gas concentration was monitored downstream of the fan before any duct branching, using a 
tracer gas analyzer calibrated at the measurement site. The airflow through the fan is given by 
Equation 1: 

 CIQfan =  (1) 

where Qfan is the fan airflow ([m3
air]/s), I is the tracer gas injection rate ([m3

gas]/s), and C is the 
concentration of the tracer gas ([m3

gas]/[m3
air]). 

                                                 
3 This tracer gas has been used extensively in past studies of other buildings. The engineering staff in the test 
building approved the tracer gas use after reviewing its “Material Safety Data Sheet” and after smelling the gas (no 
smell). 
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The major obstacle to tracer gas measurements of fan airflow (apart from equipment costs) is 
potentially poor mixing of tracer gas in the air stream between the tracer injection point and the 
downstream location where the tracer gas concentration is measured. Good mixing in our tests 
was confirmed by collecting and analyzing samples from multiple downstream locations inside 
the duct. 

Uncertainties in the supply airflow measurements are due to uncertainties in the tracer gas 
injection rate, uncertainties in the tracer gas concentration, and uncertainties caused by sampling 
imperfectly mixed tracer gas in the air. With proper calibration and operation of the instruments, 
both uncertainties in the tracer gas injection rate and concentration can be as low as 
approximately 1% individually. Uncertainties due to an imperfect characterization of the well-
mixed tracer concentration downstream of the injection point were about 2.5%. 

By repeating the tracer gas tests at several different fan airflows, a curve fit was developed to 
determine the correlation between measured airflow (from the tracer gas) and grid pressure 
difference The uncertainty in the curve fit is 2 to 3% of estimated fan airflow at the 95% 
confidence level. Consequently, the uncertainty of an airflow predicted from a measured pressure 
difference varies from 3 to 4%. Figure II-3 shows a typical calibration for a supply flow grid. 
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Figure II-3. Calibration for the intervention floor’s West supply flow grid. 

Construction and Calibration of the Return Flow Grids: Although there was an airflow 
sensor connected to the EMCS to measure the minimum outdoor airflow for each supply fan, 
there was no existing measurement equipment in the building to measure return airflow or the 
total outdoor airflow entering the mixing box upstream of each supply fan (sum of the 
economizer airflow and the minimum outdoor airflow). Therefore, we monitored the return 
airflows by building, installing, and calibrating a new flow grid. We chose to measure the return 
airflow rather than the outdoor airflow because the return airflow was less likely to be affected by 
airflow non-uniformities: it did not have upstream duct work (the outdoor air ductwork had a 90 
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degree turn just upstream of the measurement section) and it was possible that wind gusts at the 
outdoor air intake louvers might affect airflow patterns at the measurement section. 

The flow grid that we constructed consisted of a wooden box fitted around the return damper 
assembly, with a set of five tubes having three equally spaced small holes facing into the airflow 
and another set of five tubes downstream having similarly located and sized holes facing away 
from the airflow. Each upstream hole was drilled into a dimple that we hammered into the grid 
tube; this dimpling reduces the angular sensitivity of aligning the holes with the airflow. No 
dimpling was used on the downstream holes because they are less sensitive to the airflow 
approach angle. We used downstream holes rather than measuring the static pressure in the flow 
grid section so that we could obtain larger pressure difference signals. For each airflow direction, 
the 15 holes in the five tubes are manifolded together and therefore linearly “averaged”. Each 
supply fan had two such devices placed over the two adjacent sets of return air damper 
assemblies. Equal length tubing was used to manifold and therefore average the pressures from 
the corresponding sections of the two return grids. Figure II-4 shows one of the return flow grids 
installed on the top of an air-handler mixing box (the right hand damper assembly, at the edge of 
the picture, had not yet received its flow grid). 

 

Figure II-4. An installed return flow grid assembly. 

We calibrated the return flow grid by closing and sealing the outdoor air dampers. In this 
configuration, all the supply air flowed through the return flow grid. With the supply fan 
operating at various speeds, we monitored the pressure differences across the return and supply 
grids. Then, we calculated the supply airflow using the correlations described in the previous 
section and developed a correlation between the resulting airflow and the monitored return grid 
pressure difference data. We also collected data at several different return damper positions to 
confirm that there was no influence on the calibration for different damper positions. Figure II-5 
shows a typical calibration result. 
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Figure II-5. Typical return flow grid calibration. 

Calculation of Outdoor Airflow: The calculation of total outdoor airflow is simply the 
difference between the total supply airflow and the return airflow. 

Calibration of VAV Box Primary Airflow Grids: Each VAV box has a factory installed radial 
flow grid. The EMCS monitors the primary airflow entering each VAV box using this grid and 
an adjacent pressure sensor. However, these flow grids and pressure sensors were apparently not 
calibrated in the installed configuration. This was evident in cases when the EMCS values 
indicated airflow when the air-handler supply fan was off. We confirmed this problem by turning 
the air-handler supply fans off and manually closing the primary air damper for the VAV box. 
For the four VAV boxes that we monitored in detail, we calibrated these flow grids using the 
same tracer gas method that we used to calibrate the air-handler supply fan flow grids. 

Calibration of Detailed VAV Induction Fan Airflows: The induction fans in the powered 
VAV boxes have gravity dampers at their outlet into the boxes. During testing and balancing, the 
maximum opening of these dampers can be adjusted to “fine tune” the induction fan airflow after 
coarse adjustments are made using fan motor speed taps. We found that many of these dampers 
were set at more than 50% closed. In addition, VAV box pressures (which create a backpressure 
for the induction fan) change as the primary airflow changes. Therefore, it is unlikely the 
induction fans could operate at their rated airflow. To determine these airflows, we measured the 
airflows directly using a calibrated fan and flow meter device (similar to the device used to 
measure supply grille airflows). We found that the fans have a nearly constant airflow regardless 
of the primary inlet airflow. It was not possible to use the tracer gas method to calibrate these 
airflows, because there was no practical way to fully mix the injected tracer gas before the ducts 
split off from the plenum downstream of the VAV box. 

Determining Duct Leakage Airflows and Adding Additional Leakage 
We determined the existing leakage airflows at a reference condition. This measurement 
involved measuring the airflow out of each supply grille during a fixed and known supply fan 
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airflow, and comparing the sum of the grille airflows to the supply fan airflow; the difference is 
the leakage. We also estimated the distribution of “base case” (pre-intervention) duct leakage 
airflows by correlating duct leakage area with observed pressure differences across the duct 
system walls. To determine the leakage areas, we used fan pressurization techniques on the 
upstream duct section and on a sample of six downstream sections to measure leakage area. 
Pressure differences were monitored using pressure taps and sensors that we installed. 

As discussed later in the “Results of HVAC System Airflow Tests” section, the total “base case” 
leakage airflow of the invention floor was low. Consequently, rather than sealing a leaky duct 
system to determine energy savings associated with duct leakage (as we originally intended), we 
instead added duct leaks in both the upstream section and downstream sections to test the 
hypothesis that duct leakage will lead to increased fan power. 

“Base Case” Upstream Leakage: We estimated the “base case” duct leakage airflows upstream 
of the VAV boxes on the intervention floor by using a duct pressurization test. Although this test 
is a poor indicator of leakage airflow for duct sections where pressure differences are highly 
variable (the test only determines leakage area), we were able confirm that the pressure 
difference was essentially the same throughout the upstream section of the duct system. It is 
probable that this constant pressure assessment would not be true if only one of the two supply 
fans was used or if there was a very large difference between the VAV airflows on the East and 
West sides. 

To carry out the duct pressurization test on the upstream duct section, we manually closed all 34 
VAV box primary air dampers and sealed both air-handler supply fans at their inlets on the 
intervention floor. A panel with a calibrated fan and flow meter device was then installed in place 
of one supply fan access door. We monitored duct pressures at both supply fan plenums; these 
were essentially equal throughout the test. The resulting leakage curve includes the leakage of the 
VAV primary air dampers, which we estimated using laboratory measurements of one VAV box 
(0.6 cm2 ELA25 per damper). The upstream leakage is then the difference between the leakage 
curve we measured and the leakage curve of the leakage from all the VAV inlet dampers 
combined. The VAV inlet damper leakage was about 34% of the total measured upstream 
leakage. 

Although the total leakage airflow, which includes primary air damper leakage, is well 
determined by this pressurization test (±5% of leakage airflow, <±1% of supply fan maximum 
airflow), it is difficult to estimate the error in the upstream leakage part with the dampers 
excluded, because we only measured the VAV inlet damper leakage of one unit. 

“Base Case” Downstream Leakage: We estimated the total “base case” duct leakage airflows 
downstream of the VAV boxes from the difference between the total airflow supplied to the 
boxes and the sum of all the supply grille airflows. The total airflow supplied to the boxes is 
simply the difference between the fan airflow and the upstream leakage. To make these 
measurements, we needed a stable, reproducible system configuration. This configuration was to 
set all the VAV box dampers fully open (EMCS set to request 5,000 cfm for each VAV box, 
which is larger than the maximum airflow of any box), to fully close all the outdoor air dampers, 
to fully open the return dampers, to set the supply fans to maximum airflow, and to set the relief 
fans to off. We call this configuration the “sum of supplies” mode of operation. 
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To measure the supply grille airflows, we used our “powered flow hood”. Laboratory results 
(Walker et al. 2001, Wray et al. 2002) have shown this flow hood to be very accurate. However, 
it is also quite slow and cumbersome to use (it took five people 12 hours to measure the airflows 
from all 103 supply grilles). 

Because this “sum of supplies” test was carried out over several nights, one supply grille was 
measured repeatedly in this configuration to check the system stability and repeatability. The 
airflow at this grille was repeatable to within ±2% for the various days that we set the system in 
this configuration. It should be noted that during one night of very high winds, the airflows 
varied widely and we were unable to use any results from that night. We found that repeatable 
measurements could be made when wind speeds were less than 15 mph. 

To extrapolate this leakage from the “sum of supplies” mode to normal operation conditions, we 
assume that the downstream background leakage airflow is a constant fraction of the supply 
airflow delivered to the VAV boxes. Consequently, the “base case” downstream leakage at 
operating conditions is the fraction of background downstream leakage during the “sum of 
supplies” mode multiplied by the total airflow delivered to the VAV boxes at operating 
conditions. 

Because of the difficulties in using our powered flow hood for this test, we also carried out field 
tests using five commercially available flow hoods to determine if they could be used to measure 
the grille airflows as accurately, but more rapidly. The tests were performed on four different 
multi-branch subsections of the VAV system, using one supply grille on each section (there were 
two to five grilles for any one subsection). We selected four grilles to cover a range of nominal 
grille airflows from 50 to 200 L/s (100 to 400 cfm). The grilles were all 2 ft square, 4-way throw, 
with a perforated face (3/16" holes, 1/4" on center). The VAV system was set in the “sum of 
supplies” mode as described in this section to provide constant airflow during the test period. On 
each grille, the five commercially available hoods were used in sequence to measure the airflows. 
The reference airflow for each grille was measured using our powered flow hood. Manufacturer's 
instructions for hood operation were followed in each case (e.g., the use of relief vents or low-
flow plates). We found that it was essential to follow instructions properly because it was easy to 
use the wrong operating mode and get large errors (e.g., we found an error of 38% by using 
incorrect vent modes for one of the flow hoods). 

The results of these field tests are summarized in Table II-3. The results show that the hoods 
exhibited similar trends, with under-prediction of low airflows. Overall, Flow Hood 1 had the 
best performance with bias and RMS errors less than 2%. This RMS difference is close to the 
accuracy of the powered flow hood itself, which shows that for this grille type, Flow Hood 1 can 
give the same results as our reference device within the uncertainty specification of the reference. 
Flow Hoods 3 and 5 were a little worse, with RMS errors approaching 5%. Flow Hoods 2 and 4 
exhibited significant biases and under-predicted airflows by more than 10%. 
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Table II-3. Summary of field test results for five commercially available 
flow hoods on four commercial grilles. 

Flow Hood Bias Error, 
L/s (cfm) 

Bias Error, 
% 

RMS Error, 
L/s (cfm) 

RMS Error, 
% 

1 1 (3) 1 2 (4) 2 
2 -14 (-29) -11 17 (36) 11 
3 6 (12) 4 7 (15) 5 
4 -9 (-20) -11 10 (21) 14 
5 -3 (-7) -2 6 (12) 4 

 

Our tests indicated that 20 grille airflows could be measured in 35 minutes using Hood 1. This 
means that two people each using a hood could measure 100 grille airflows in less than two 
hours. Because hood accuracy depends on grille type, further work is needed to determine if 
these results can be extended to other buildings. 

Installed Upstream Leaks: We installed duct leaks in the main duct loop upstream of the VAV 
boxes at five locations. The leaks consisted of a perforated plate (similar to the perforated plates 
that are used in the supply grilles), which we mounted in an end cap covered with cardboard. All 
these leaks were installed on ten inch diameter ducts that protruded out from the existing main 
loop by 1 to 3 feet. Figure II-6 shows one of these installed leaks. 

 

Figure II-6. Example of an installed upstream leak. 

The amount of leakage was adjusted by cutting out a section of the cardboard. We had calibrated 
the perforated plate in the laboratory to determine its leakage characteristic per unit area. The 
pressure difference seen by the upstream leakage was found to be the same at all five leak sites 
over a wide range of total supply airflows, so we only needed to monitor one pressure difference 
to determine all the leakage airflows through the upstream leaks that we added. 

Installed Downstream Leaks: We also installed leaks in six locations downstream of the VAV 
boxes. To determine which VAV boxes had enough capacity to accommodate the leakage 
airflows and still provide the design airflow to the occupants, we set each VAV box in turn to its 
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maximum airflow at “design static pressure” and recorded these airflows. The branches that we 
selected were from all four sides of the building and included both core and perimeter zones. 

The installed downstream leaks used the same material as the installed upstream leaks. An 
example is shown in Figure II-7. 

 

Figure II-7. Example of an installed downstream leak at 
the end of a plenum. Ducts can be seen exiting two sides 
of the plenum. A static pressure sensor is mounted 
adjacent to the installed leak. 

A correlation between the pressure difference across each installed downstream leak and the 
corresponding upstream primary airflow was obtained by fitting curves to pressure differences 
that we measured during diagnostic tests at various VAV primary airflows (obtained from the 
EMCS), with and without the induction fan operating (if the box had a fan). A separate 
relationship was needed when induction fans were used, because the induction fans add airflow 
downstream of the VAV box primary airflow grids. 

Analysis of Results 
To evaluate the effects of upstream and downstream duct leakage separately and in combination, 
we monitored the performance of the intervention floor system over four test periods, defined as: 

1. Base (pre-intervention conditions) 

2. Upstream (leaks added to the main duct loop) 

3. Downstream (leaks added to the ducts downstream of the VAV boxes) 

4. Upstream and Downstream (leaks added to the loop and downstream of the VAV boxes) 

For comparison, we conducted similar monitoring of the control floor during the same test 
periods. However, we made no changes to the ducts on that floor. The test periods ranged from 
one to two weeks each and took place during the summer of 2002. We looked at overall impacts 
(full day analysis – 3 am to 6 pm) as well as utility peak period impacts (2 pm to 6 pm). To 
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compare a variable for the same time period for both the control and intervention floor, we 
included only those observations when air-handler supply fans were operating on both the control 
and intervention floors. 

Results of HVAC System Airflow Tests 

Air-Handler Supply Airflows: Table II-4 lists the average supply fan airflows for the 
intervention floor during the various test periods, without corrections for weather differences. 

Table II-4. Average supply fan airflow (cfm) during testing period (intervention floor, not 
weather corrected). 

 Leakage Configuration 
Operating Period “Base” “Up” “Down” “Up & Down” 

All Day 10,700 11,900 12,800 14,100 
Peak Hours 11,300 11,900 12,000 13,900 

*All day refers to the 3 am to 6 pm period while peak refers to the 2 pm to 6 pm period. 

As Figure II-8 shows, daily average air-handler supply fan airflows for the control (16th) and 
intervention (17th) floors varied in response to weather-induced thermal loads driven by the 
outdoor air temperature. In particular, these airflows generally increased over the entire 
measurement period, with larger airflows occurring in the hotter months. For all seasons, the 
airflows for the control (16th) floor were larger than the airflows for the intervention (17th) floor. 
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Figure II-8. Daily average supply fan airflow and outdoor temperature 
for the entire measurement period. 
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Although the four leakage intervention study periods took place during the summer of 2002 with 
similar occupancy patterns on both floors, the weather conditions during each period were 
somewhat different from each other. Table II-5 lists the average outdoor temperatures for each 
test period, as recorded by the EMCS. 

Table II-5. Average outdoor temperature (°°°°F). 
Leakage 

 Configuration 
All Day 

(3 am to 6 pm) 
Peak Period 

(2 pm to 6 pm) 
Base 77 90 
Up 78 80 

Down 81 93 
Up & Down 89 102 

 

It is important to note that the supply airflows exiting the air-handlers during operating periods 
were not constant, even over the course of a day. Figure II-9 shows an example of the daily 
behavior of air-handler supply airflows for the “Base Case” condition. 
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Figure II-9. Supply fan airflows from a sample “Base Case” day. 

Figure II-9 shows a number of interesting features: 

• At about 2:30 a.m. every day, the fans are turned on for a five minute long “system 
check”. 

• On the example day shown (July 23, 2002), one of the supply fans on the control floor is 
turned on at about 3:30 a.m. for about half an hour to precool the floor.  

• The abrupt increase in the control floor supply airflows at about 7 a.m. is typical behavior 
during the summertime evaluation period. It is not know why this increase occurs. 
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• Generally ,the supply airflows are larger than average during the first hours of “normal” 
operation starting at 4 a.m. 

• The HVAC system is turned off at 6 p.m. every day. 

Weather Normalization: To take the temperature differences and corresponding operational 
differences into account for different periods, a normalization procedure can be used to compare 
the airflows (or other variable such as power) measured during the leakage case test periods to 
that measured during the base case period. The fractional change in value is calculated as 
follows: 

 
CL

CB

IB

IBIL
X
X

X
XX

ChangeFractional ×
−

=⋅  (2) 

where: 

X =  the variable being studied for the time period specified, 

IL =  intervention floor, leakage case time period, 

IB =  intervention floor, base case time period, 

CL =  control floor, leakage case time period, and 

CB =  control floor, base case time period. 

The first part of Equation 2, based on the intervention floor data, calculates the intervention floor 
fractional change in a value due to the additional duct leakage installed. The second part of 
Equation 2 provides a normalization factor using the control floor data. The result is the 
fractional change in the variable studied (e.g., airflows, power, induction fan on-time). 

This equation can be further derived to estimate what the airflows (or other variable) would be if 
the intervention floor was operated in a given leakage case mode during the base period. The 
derivation of this equation is: 

 )ChangeFractional1(XX IBIBL ⋅+×=  (3) 
where: 

IBLX  = Estimate of what the variable average value would be if the corresponding case 
took place during the base case time period. 

Unless otherwise noted, these equations were used to calculate the normalized changes due to 
duct leakage for the two time segments (all day and peak). In order to compare a variable for the 
same time period for both the control and intervention floor, we included only those observations 
when both control and intervention floor air-handler supply fans were on. 

Using these normalization techniques for each leakage case, we have estimated what the average 
air-handler supply airflow would be if we ran the system in a given leakage case, but during the 
base case weather period instead. As shown in Table II-6, the base case average airflows range 
from 10,700 cfm (all day) to 11,300 cfm (peak). If the system were to operate in a leakage case 
over the same time period, we estimate these values would range from 11,900 (all day and peak) 
to 13,700 (all day) and to 13,800 (peak). Due to higher supply fan airflows during the morning 
cool-down period, the all day average impacts are greater than that found for the peak period. In 
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both all day and peak period analyses, the impact of the downstream leakage case (18% all day 
and 7% peak) is greater than that of the upstream leakage case (11% all day and 6% peak). The 
greatest impact is when there are both upstream and downstream leaks (28% all day and 22% 
peak period). 

Table II-6. Normalized average airflow (cfm) for air-handler supply fans. 

% Change in Airflow Estimated Average Airflow for Base 
Case Test Period (cfm) Leakage 

Configuration All Day 
(3 am to 6 pm) 

Peak 
(2 pm to 6 pm) 

All Day 
(3 am to 6 pm) 

Peak 
(2 pm to 6 pm) 

Base - - 10,700* 11,300* 
Up 11% 6% 11,900 12,000 

Down 18% 7% 12,600 12,100 
Up & Down 28% 22% 13,700 13,800 

*base case averages. 

VAV Box Primary Airflows: Most VAV primary air inlet airflows quickly settled down to 
nearly constant values for the day; the exception being the behavior of VAV Box 1712. The 
reason for the different behavior is unknown. Figure II-10 shows a sample “Base” day of the 
VAV box primary airflows for the four boxes that we monitored in detail. 
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Figure II-10. Four selected VAV box primary airflows for a sample  
“Base Case” day. 

Duct Leakage Airflows at Operating Conditions: Table II-7 lists the average upstream, 
downstream, and total leakage fractions and airflows during the various leakage configurations. 
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Table II-7. Average upstream, downstream, and total leakage fractions 
and leakage airflows at operating conditions. 

  Leakage Configuration 
  “Base” “Up” “Down” “Up & Down” 

Operating 
Period 

Leak 
Location 

Leakage 
(%) 

Flow 
(cfm) 

Leakage 
(%) 

Flow 
(cfm) 

Leakage 
(%) 

Flow 
(cfm) 

Leakage 
(%) 

Flow 
(cfm) 

Upstream 3.2 340 14.6 1,737 2.7 340 12.3 1,738 
Downstream 2.3 245 2.0 239 8.0 1,022 7.4 1,042 All 

Day 
Total 5.5 585 16.6 1,976 10.7 1,362 19.7 2,780 

Upstream 3.0 340 14.6 1,737 2.8 340 12.5 1,737 
Downstream 2.3 258 2.0 239 8.3 990 7.4 1,022 Peak 

Hours 
Total 5.3 598 16.6 1,976 11.1 1,330 19.9 2,759 

 

The leakage fractions in Table II-7 are determined as a percentage of the total supply fan airflow 
measured during the corresponding operation and leak configuration period (not weather 
corrected). Note that the leakage fraction of the “Up & Down” case is not the sum of the “Up” 
and the “Down” case, because the background leakage would be counted twice and because the 
total supply fan airflow changes for each case. However, upstream and downstream leakage 
fractions combine directly in any particular case and equal the total leakage fraction in that case. 

Figure II-11 shows how the duct leakage airflows vary over a sample day for the “Up & Down” 
configuration. 
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Figure II-11. Duct leakage airflows for a sample “Up & Down” day. 

Regardless of the leakage configuration and supply fan airflow, the upstream leaks are at an 
almost constant pressure (the “design static pressure”) and therefore have a nearly constant 
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leakage airflow throughout the “normal operating” hours. This is a result of the system design: 
the pressure in the main duct where the upstream leaks are located is controlled to maintain the 
“design” set point of 1 in. w.c. (250 Pa). In contrast, the downstream leakage airflow varies as 
each of the six VAV boxes that had leaks installed vary their primary airflow and as induction 
fans start and stop. 

Duct Leakage Airflows at “Design” Conditions: The duct leakage airflows discussed in the 
previous section are the actual values found at operating conditions during our measurement 
period. If one wants to specify a reproducible leakage requirement for a performance standard, 
then the system configuration will need to be specified. 

We define the leakage performance standard conditions to be: 

• The air-handler supply fan should be at 100% of its full rated speed. 

• The air-handler supply fan airflow shall maintain the maximum designed static pressure. 

• The VAV boxes are uniformly open (all are at the same fraction of their design maximum 
airflow) to the maximum degree possible while the first two conditions are met. 

• All induction fans, terminal heaters, and relief fans are off. 

• The return dampers are fully open and the outdoor air dampers are closed as much as 
possible. 

These conditions apply to the type of control system that was used in our test building. There 
may be additional specifications needed for other system layouts and controls. 

In our test building, we produced these conditions during the “Base Case” test period by 
adjusting the VAV primary airflow set points until we were just able to maintain the design static 
pressure of 1 in. w.c. (250 Pa). This operating point corresponds to the VAV boxes being set at 
75% of their “cooling maximum” airflows and the total supply fan airflow at 24,400 cfm. We 
call this airflow the “design static airflow”. Note that the system never operated in this leakage 
performance configuration during normal operation. 

In Table II-8 for each of the leakage configurations, we list the upstream, downstream, and total 
duct leakage airflows themselves, and as a fraction of the “design static airflow”. 

Table II-8. Leakage airflows and leakage fraction of supply fan airflow at the “design static 
airflow” of 24,400 cfm. 

  Leakage Configuration 
  “Base” “Up” “Down” “Up & Down” 

Operating 
Period 

Leak 
Location 

Leakage 
(%) 

Flow 
(cfm) 

Leakage 
(%) 

Flow 
(cfm) 

Leakage 
(%) 

Flow 
(cfm) 

Leakage 
(%) 

Flow 
(cfm) 

Upstream 1.4 340 7.1 1,737 1.4 340 7.1 1,737 
Downstream 2.3 567 2.2 534 6.5 1,595 6.2 1,507 “Design” 

Total 3.7 907 9.3 2,271 7.9 1,935 13.3 3,244 
 

Economizer Operation: An economizer can be used to mix outdoor air with return air to reduce 
cooling coil loads when the enthalpy of the outdoor air is lower than the enthalpy of the return 
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air. The economizer mode can also be used to precool the building; building engineering staff 
advised us that the EMCS has been configured to enable economizer operation for precooling 
based on an EMCS survey of temperatures at midnight. During the summer evaluation period, 
the economizer was often used for precooling, but there was no consistency between usage on the 
control and intervention floors. In particular, the time that the control floor economizer would 
start operating varied from day to day; the economizer on the intervention floor sometimes 
started at a different time, or not at all. This suggests that the economizer may have been 
regulated by means other than the stated EMCS control sequence, such as an optimal start 
routine. 

The daily variation in outdoor airflows entering the supply fan is complex, as shown in Figure II-
12. This figure shows airflows for the West side of the control floor. The supply airflow is mostly 
composed of outdoor air with some abrupt drops in total outdoor airflow and corresponding 
abrupt increases in the minimum outdoor airflow. These changes can happen at any time during 
the normal occupied hours. Also interesting is the time from about 3 to 4 a.m. when the East side 
fan is on for precooling. In these conditions, the East fan pressurizes all of the duct system, 
including the West side air-handler, resulting in airflow going out of the West outdoor air intake. 
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Figure II-12. West supply fan and outdoor airflows on the control floor, 
for a sample “Base Case” day. 

The fluctuating behavior of the economizer operation, particularly in the precooling mode, makes 
it difficult to normalize and compare economizer behavior for the different leakage cases. For 
example, Table II-9 shows the average outdoor air fraction of supply airflow without 
normalization for each case. During the base case all day operating period (3 am to 6 pm), there 
is a significant difference in the outdoor air fractions for the control and intervention floors (66% 
vs. 38%), when precooling sometimes occurs. However, during the peak cooling hours (2 pm to 
6 pm) when there is no precooling, there is almost no difference in these fractions (44% vs. 
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48%). This influence can also be seen in the variation of the outdoor air fractions during the 
different leakage cases. Because the economizer operational strategy is not clear, we cannot 
disaggregate the impact of duct leakage on economizer operation. 

Table II-9. Average outdoor air fraction of supply airflow. 

 Leakage Configuration 
 “Base” “Up” “Down” “Up & Down” 

Operating 
Period 

Control 
Floor 

Intervention 
Floor 

Control 
Floor 

Intervention 
Floor 

Control 
Floor 

Intervention 
Floor 

Control 
Floor 

Intervention 
Floor 

All 
Day 66% 38% 58% 35% 60% 35% 32% 29% 
Peak 

Hours 44% 48% 46% 45% 35% 44% 20% 32% 

 

Fan Power Impacts of Duct Leakage 
A significant objective of this project is to determine whether the presence of duct leakage 
changes the amount of electricity required to operate the distribution system fans. We studied this 
by measuring and calculating fan power during the four test periods. For comparison, we 
measured and calculated fan power for the control floor during the same test periods. 

Fan Power due to Increased Duct Leakage: During the cooling season, the amount of electrical 
power required by the HVAC system to transport conditioned air includes the power to drive the 
air-handler supply fans, relief fans, and VAV box induction fans. In reviewing the patterns of fan 
operation, we found that the supply fan and induction fan airflows and operation are impacted by 
the introduction of additional duct leakage. The relief fans are operated to maintain building 
pressure set points and run as needed during pre-cooling and economizer modes. As a result the 
relief fans have an irregular operational pattern. We did not see a correlation between duct 
leakage and relief fan operation. As such, we will only discuss the impact of duct leakage on the 
air-handler supply fans and the induction fans, and not on the relief fans. 

Air-Handler Fan Power: Table II-10 summarizes the increase in air-handler supply fan power for 
each of the leakage cases compared to the base case. 

Table II-10. Normalized average fan power (kW) for air-handler supply fans. 

% Change in Fan Power for Air-
Handler Supply Fans 

Estimated Average Fan Power for 
Air-Handler Supply Fans for Base 

Case Test Period (kW) Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base - - 5.4* 5.8* 
Up 16% 10% 6.3 6.4 

Down 26% 11% 6.8 6.4 
Up & Down 37% 28% 7.4 7.4 

*base case averages. 
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The increase in air-handler supply fan power is driven by the increased airflow required to meet 
thermal conditions for a given leakage case. Following the trend of the weather-corrected 
changes in supply airflow required (Table II-6), the greatest increase in fan power is for the 
upstream and downstream leakage case (37% all day and 28% peak). The downstream leakage 
case (26% all day and 11% peak) requires a greater increase in fan power than the upstream 
leakage case (16% all day and 10% peak). The base case average fan power ranges from 5.4 (all 
day) to 5.8 kW (peak). If the system were to operate in the leakage cases over the same time 
period, we estimate that the average fan power would range from 6.3 to 7.4 kW (all day) and 
from 6.4 to 7.4 kW (peak). 

Induction Fan Power: The EMCS adjusts the amount of air delivered to a given zone via the 
VAV box’s primary air damper, based on the zone temperature reading and throttling range set 
point. If the amount of primary airflow entering the VAV box is lower than a specified threshold, 
in this case less than 40% of the box’s cooling maximum airflow, the EMCS turns on the 
induction fan in the VAV box. The induction fan pulls air from the ceiling plenum (return 
plenum) into the VAV box. 

Table II-11 summarizes the average fraction of induction fans operating during each test period. 
When there is a higher amount of downstream leakage, the powered VAV boxes operate at 
higher primary airflows to compensate for the leakage and the induction fans do not run as often. 
This decrease in induction fan on-time contributes to lower induction fan power required to meet 
thermal conditions. 

Table II-11. Normalized average fraction of induction fans operating. 

% Change in Fraction of 
Induction Fans Operating 

Estimated Average Fraction of 
Induction Fans Operating for 

Base Case Test Period Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base - - 0.72* 0.63* 
Up 0% 3% 0.72 0.65 

Down -37% -23% 0.45 0.49 
Up & Down -43% -36% 0.41 0.40 

*base case averages. 

On average during the base case, the induction fans were running 72% (all day) and 63% (peak). 
If we were to operate the system in the leakage cases over the base case time period, we estimate 
that the percentage of induction fans running would increase slightly for the upstream case (72% 
all day and 65% peak), but decrease for the downstream case (45% all day and 49% peak) and 
the upstream and downstream case (41% all day and 40% peak). 

The induction fans (on average, 1.3 kW all day and 1.2 kW peak for the base case) use about 
one-fifth as much fan power as the air-handler supply fans. The reduction in the fraction of 
induction fans operating translates directly into lower induction fan power needed to meet the 
thermal requirements of each leakage case (see Table II-12). The downstream case requires 38% 
(all day) and 24% (peak) less induction fan power and the upstream and downstream case 
requires 45% (all day) and 38% (peak) less induction fan power than the base case. For the base 
case period, this reduces the induction fan power to an estimated 0.8 kW (all day and peak) for 
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the downstream case and an estimated 0.7 kW (all day and peak) for the upstream and 
downstream case. 

Table II-12. Normalized average fan power (kW) for induction fans. 

% Change in Induction Fan Power 
Estimated Average Induction Fan 
Power for Base Case Test Period 

(kW) Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base - - 1.3* 1.2* 
Up 0% 3% 1.3 1.2 

Down -38% -24% 0.8 0.8 
Up & Down -45% -38% 0.7 0.7 

*base case averages. 

Air-Handler Supply and Induction Fan Power: The increases in air-handler supply fan power, 
seen in Table II-10, are tempered by the decrease in induction fan power, seen in Table II-12, 
resulting in a net increase in air-handler supply and induction fan total power of 13% (all day) 
and 9% (peak) for the upstream case, 17% (all day) and 6% (peak) for the downstream case, and 
26% (all day) and 19% (peak) for the upstream and downstream case (see Table II-13). 

Table II-13. Normalized average fan power (kW) for air-handler supply and 
induction fans.** 

% Change in Air-Handler Supply and 
Induction Fan Power 

Estimated Average Air-Handler 
Supply Fan and Induction Fan Power 

for Base Case Test Period (kW) Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base - - 6.7* 6.9* 
Up 13% 9% 7.6 7.5 

Down 17% 6% 7.8 7.3 
Up & Down 26% 19% 8.4 8.2 

*base case averages. 

**Because the total supply and induction fan power values are the averages based on the sum of the 
coincident fan power measurements, the sum of the average individual supply and induction fan power may 
not add to be the average total supply and induction fan power results. 

For the base case, the net average air-handler supply fan and induction fan total power is 6.7 kW 
(all day) and 6.9 kW (peak). We estimate that, by operating the leakage cases in the base case 
time period, the net average air-handler supply fan and induction fan total power would increase 
to 7.6 kW (all day) and 7.5 kW (peak) for the upstream case, 7.8 kW (all day) and 7.3 kW (peak) 
for the downstream case, and 8.4 (all day) and 8.2 (peak) for the upstream and downstream case. 

Fan Power Metrics: As described in Appendix I, there are several metrics that can be used to 
characterize the performance of thermal distribution systems. We have focused here on those 
related to system fan power. These include specific fan power (W/cfm), normalized fan power 
(W/ft2), and fan-airflow density (cfm/ft2). 
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Specific Fan Power (W/cfm): The specific fan power (W/cfm) is calculated, for constant volume 
systems, as the total fan power divided by the total delivered airflow at the supply grilles. This 
metric accounts for the fan power only and does not reflect any thermal losses in the duct system. 
As such, it quantifies the amount of fan power required to deliver a given quantity of air through 
the duct system to the space or building. This parameter is relatively constant in a constant-air-
volume system, because the fan speed and the airflow to the grilles remain constant for a given 
operating state (heating, cooling, or ventilation). 

This is not true for the test building, which has a variable-air-volume system with variable 
frequency drive fans and powered induction boxes. In this system, the amount of air delivered to 
each grille and the amount of power required to drive the supply, relief, and induction fans can 
vary widely throughout the day depending on zone conditioning load requirements. Although we 
have measured air-handler supply and induction fan power on a minute by minute basis, 
measuring the airflow delivered to each grille on the same basis would require a level of airflow 
monitoring that is beyond the scope of this project. Instead, we calculated the specific air-handler 
fan power value as the power for the air-handler supply fans divided by the airflow through the 
air-handler supply fans (See Table II-14). This parameter can be used to compare air-handler fan 
power for our various leakage cases. 

Table II-14. Specific fan power (W/cfm) for air-handler supply fans.** 

% Change in Specific Fan Power  Estimated Specific Fan Power for 
Base Case Test Period (Wfan/cfm) Case 

All Day 
(3 am to 6 pm) 

Peak 
(2 pm to 6 pm) 

All Day 
(3 am to 6 pm) 

Peak 
(2 pm to 6 pm) 

Base - - 0.50* 0.51* 
Up 4% 4% 0.52 0.53 

Down 7% 5% 0.54 0.54 
Up & Down 9% 6% 0.55 0.54 

*base case averages. 

**based on airflows through the air-handler supply fans and not the airflows at the grilles. 

Because the air-handler supply fan power increases as the air-handler supply fan airflow 
increases, the changes in specific fan power for the air-handler supply fan are relatively low, 
increasing 4% (all day or peak) for the upstream case, 7% (all day) and 5% (peak) for the 
downstream case, and 9% (all day) and 6% (peak) for the upstream and downstream case. 

For the base case, the specific fan power is 0.50 W/cfm (all day) and 0.51 W/cfm (peak). The 
specific fan power increases slightly to range from 0.52 to 0.55 W/cfm for the leakage cases. 

Normalized Fan Power (W/ft2): This metric reflects the impacts of duct leaks and thermal losses 
and is primarily used as a metric for constant volume systems. For this building with a VAV 
system, we have evaluated this metric based on how it was operated during our test periods. 

Based on the operation of the building during our test periods, Tables II-15 through II-17 
summarize normalized fan power for the air-handler supply fans, the induction fans, and the net 
supply and induction fan totals. The base case normalized fan power is 0.18 W/ft2 (all day) and 
0.20 W/ft2 (peak) for the air-handler supply fan, 0.05 W/ft2 (all day) and 0.04 W/ft2 (peak) for the 
induction fans, and 0.23 W/ft2 (all day) and 0.24 W/ft2 (peak) for the net total of the air-handler 
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supply and induction fans. These values change in the same way as the fractional changes for the 
fan powers (Tables II-10, II-12, and II-13) and the estimated values range from 0.21 to 0.26 W/ft2 
for the air-handler fans, 0.02 to 0.05 W/ft2 for the induction fans, and 0.25 to 0.29 W/ft2 for the 
net total air-handler supply and induction fans. 

Table II-15. Normalized fan power (W/ft2) for air-handler supply fans. 

% Change in Normalized Fan Power 
for Air-Handler Supply Fans 

Estimated Normalized Fan Power for 
Air-Handler Supply Fans for Base 

Case Test Period (W/ft2) Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base - - 0.18* 0.20* 
Up 16% 10% 0.21 0.22 

Down 26% 11% 0.23 0.22 
Up & Down 37% 28% 0.25 0.26 

*base case averages. 

Table II-16. Normalized fan power (W/ft2) for induction fans. 

% Change in Normalized Fan Power 
for Induction Fans 

Estimated Normalized Fan Power for 
Induction Fans for Base Case Test 

Period (W/ft2) Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base - - 0.05* 0.04* 
Up 0% 3% 0.05 0.04 

Down -38% -24% 0.03 0.03 
Up & Down -45% -38% 0.03 0.02 

*base case averages. 

Table II-17. Normalized fan power (W/ft2) for air-handler supply and 
induction fans. 

% Change in Normalized Fan Power 
for Air-Handler Supply Fans and 

Induction Fans 

Estimated Normalized Fan Power 
(Air-Handler Supply Fans and 

Induction Fans for Base Case Test 
Period (W/ft2) Case 

All Day 
(3 am to 6 pm) 

Peak 
(2 pm to 6 pm) 

All Day 
(3 am to 6 pm) 

Peak 
(2 pm to 6 pm) 

Base - - 0.23* 0.24* 
Up 12% 9% 0.26 0.26 

Down 17% 6% 0.27 0.25 
Up & Down 26% 19% 0.29 0.29 

*base case averages. 

Fan-Airflow Density (cfm/ft2): For a constant-air-volume system, the fan-airflow density metric 
(cfm/ft2) can be determined by measuring the floor area and the total airflow delivered to each 
zone under certain operating conditions and by calculating the airflow per unit floor area in each 
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zone. This metric reflects the impacts of thermal losses while not discounting duct leakage in a 
significant way. 

For a VAV system, the amount of monitoring required to calculate this metric during occupied 
hours would be excessive. Rather than report an artificial value calculated by setting the system 
into a constant volume mode, we have redefined the fan-airflow density metric here to be the 
airflow measured at the air-handler supply fans divided by the floor area. As can be seen in Table 
II-18, this value is affected by the amount of duct leakage seen by the system and increases at the 
same rate as the air-handler supply fan airflows listed in Table II-6: 11% (all day) and 6% (peak) 
for the upstream case; 18% (all day) and 7% (peak) for the downstream case; and 28% (all day) 
and 22% (peak) for the upstream and downstream case. 

Table II-18. Fan-airflow density (cfm/ft2) for air-handler supply fans. 

% Change in Fan-Airflow Density for 
Air-Handler Supply Fans 

Estimated Fan-Airflow Density for 
Air-Handler Supply Fans for Base 

Case Test Period (cfm/ft2) Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base - - 0.37* 0.39* 
Up 11% 6% 0.41 0.41 

Down 18% 7% 0.44 0.42 
Up & Down 28% 22% 0.47 0.48 

*base case averages. 

For the base case, the fan-airflow density is 0.37 cfm/ft2 (all day) and 0.39 cfm/ft2 (peak). Our 
estimates for the leakage cases operating during the base case range from 0.41 cfm/ft2 to 0.48 
cfm/ft2. 

Zone Air Temperatures: The presence of additional duct leakage did not change the average 
zone air temperatures significantly, as determined by the thermostat data obtained using the 
EMCS (see Table II-19). Looking at the six zones in which we added duct leakage downstream 
of the VAV boxes, we found that temperatures remained within 0.1°F between cases and well 
within thermal comfort requirements. This is due to the additional fan power available to move 
conditioned air to meet the comfort requirements of the space. 

Table II-19. Normalized average zone air 
temperatures (°°°°F). 

Estimated Average Zone 
Temperature for Base Case Test 

Period (°F) Case 
All Day 

(3 am to 6 pm) 
Peak 

(2 pm to 6 pm) 
Base 73.9* 73.9* 
Up 73.8 73.8 

Down 73.9 73.8 
Up & Down 73.9 73.8 

*base case averages. 
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Fan Power Trends: Figures II-13 and II-14 show general daily fan power trends using two 
sample days: a “Base Case” day (no added duct leaks) and an “Up & Down” day (with upstream 
and downstream duct leaks installed). Note that one might consider assessing duct leakage 
effects on fan power by simply comparing the daily fan power trends for the two cases. This 
approach does not account for occupancy and weather differences between cases. 
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Figure II-13. Air-handler supply fan and induction fan power for a 
sample “Base Case” day. 
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Figure II-14. Air-handler supply fan and induction fan power for a 
sample “Up & Down” day. 
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Ducts Sealing Techniques for Large Commercial Buildings 

Introduction 
Our duct leakage intervention study (described in Appendix II) showed that the energy impact of 
upstream and downstream duct leakage in large commercial buildings with variable-air-volume 
(VAV) HVAC systems can be substantial. Therefore, if duct systems in this large commercial 
building population are leaky, then it is important to have effective duct sealing methods that can 
be readily commercialized and applied. 

As found, the one-year old test building that we studied in this project showed every indication of 
a “tight” thermal distribution system: good application of mastic, metal bands at joints, and 
overall high quality installation. We found that ducts both upstream and downstream of VAV 
boxes were sealed, with a total fractional leakage flow of about 5% at operating conditions. An 
example of the sealing detail was that mastic had even been applied to the inside of plenum 
takeoff joints, downstream of the VAV boxes. 

We have also measured fractional leakage flows in four other California buildings (Xu et al. 
1999, 2002). Two of the buildings were built in 1996 and had leakage fractions similar to the 
one-year old test building. However, the other two were much more leaky: one built in 1979 had 
a leakage fraction of about 17%; the other (built in 1989) had a leakage fraction of about 25%. 
The duct sealants used and their location in the four older buildings are not well documented, but 
we know that mastic was used on some duct joints in the building that was built in 1989. 

Although this set of leakage flow data is very limited, it has two significant implications for 
California buildings: 

1. The tight ducts are evidence that at least some HVAC contractors in the California building 
industry already know how to effectively seal ducts in new large commercial buildings, even 
though specifications for duct leakage airflows tend to be poorly defined for new construction 
(especially for the lower-pressure-class duct sections that are located downstream of VAV 
boxes). 

2. The leaky ducts are evidence that the California building industry needs to consider sealing 
ducts in existing large commercial buildings. However, sealing ducts in existing buildings is 
more challenging than in new buildings, because of reduced access to ducts after ceiling 
panels are in place and spaces are occupied. Remote sealing techniques that reach duct leaks 
without having to access and seal every joint manually are preferable in these cases. 

Over the past decade, Lawrence Berkeley National Laboratory has developed an internally 
applied aerosol-based technology to seal leaky ducts remotely. As a commercialized technology, 
contractors have actively used it to seal thousands of duct systems in houses and hundreds of duct 
systems in small commercial buildings. Since 1997, we have begun investigating how to apply 
similar technology in large commercial buildings (Modera et al. 2001, Carrie et al. 2002). 

The aerosol sealing process involves the separate but simultaneous injection of carrier air and 
aerosol sealant into the duct system, with intentional duct openings (e.g., grilles, fans) blocked 
off and sensitive components isolated. An integrated fan and airflow meter connects to the duct 
system to provide and measure carrier airflow from the room to the duct system. A sealant 
injector is inserted into the duct system downstream of the carrier air injection point. The 
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injector’s sealant pump supplies room temperature liquid sealant4 through tubing to the injector; 
a separate stream of heated compressed air mixes with the liquid sealant at the injector nozzle 
discharge. Sealant particles are produced by atomization and drying of the liquid stream exiting 
the injector nozzle. The carrier airflow transports aerosol sealant particles to the leaks, where the 
particles collide with leak edges, accumulate, and ultimately seal the leaks. 

Continuously monitoring the duct wall pressure difference and carrier airflow allows one to 
continuously determine the duct effective leakage area (ELA25) and sealing rate5, and to track 
sealing progress. As leaks are sealed, the ELA25 decreases (duct flow resistance increases), the 
duct wall pressure difference increases, and the carrier airflow (exiting through the leaks) 
decreases. The sealing rate also decreases, because the particle transport in the carrier air 
decreases. Changes in these parameters also serve to identify problems. For example, sudden 
changes in duct pressure difference and airflow can indicate that a grille covering or isolation 
blockage has failed. 

When the ELA25 is relatively small (with associated high duct wall pressure difference), or the 
sealing rate becomes low and stable, sealing should be terminated. For example, aerosol sealing 
in residential or light commercial duct applications is usually terminated when the duct wall 
pressure difference reaches 500 Pa, at which point the ELA25 is often between 10 to 20 cm2. We 
expect that similar termination criterion would be used when sealing ducts in a large commercial 
building. 

Applying the existing single-injector aerosol technology to seal ducts in large commercial 
buildings is problematic, because these duct systems are much larger and more complex than 
duct systems in residential and small commercial buildings. For example, a typical supply-air 
duct system in a large commercial building has a fan blowing air into a main trunk duct, with a 
VAV box connected to each trunk outlet; ducts downstream of each VAV box branch off to 
supply grilles. The result is that the large commercial supply duct systems are long (several 
hundred feet) and it is difficult to inject sealant efficiently from a single point all the way to leaks 
near the end of the duct system. In addition, there are sensitive components such as heater coils 
and backdraft dampers inside VAV boxes. To maintain their functionality, these components 
should not be exposed to aerosol sealant. 

Consequently, to reduce the distance that sealant must travel from injection to leakage sites, and 
to avoid spraying sealant into VAV boxes, the aerosol-sealing technology needs to use two 
injection stages. One stage involves sealing the main trunk of the duct system with the primary 
air inlets to the VAV boxes closed and with multiple injectors located along the length of the 
duct. The other stage involves sealing the numerous duct branches downstream of the VAV 
boxes. Both these configurations mean that being able to seal multiple sections simultaneously 
and being able to move injectors quickly from one injection site to the next would reduce the 
time required to seal the entire system. 

                                                 
4 The sealant is a water-based vinyl-acetate polymer liquid adhesive, with a concentration of 120 µg of solid 
adhesive per mL of liquid. 
5 ELA25 is defined as the cross-sectional area of a perfect nozzle that would produce the same flow as the 
total measured airflow through the leaks (carrier airflow), but at a reference duct wall pressure difference of 
25 Pa. The sealing rate is indicated by the reduction in ELA25 per unit time. 
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The remainder of this appendix describes the development and laboratory testing of a mobile 
aerosol-sealant injection system (MASIS) that can use multiple injectors simultaneously to seal 
multiple duct sections. To help the reader understand the multiple injector system, we have 
included a description of the aerosol sealing technology. DOE funded the development of the 
injector. 

The three key elements in the development and laboratory testing of MASIS were: 

1. Develop protocols (plans) to seal ducts upstream and downstream of VAV boxes. 

2. Refine injection system components for use in field applications. 

3. Test the automated monitoring system that measures process pressures and airflows. 

At the end of this appendix, we also discuss whether there is a need to develop field retrofit 
techniques for sealing duct system components such as VAV boxes and supply grilles. 

Multiple-Injection Aerosol Sealing Technology 

Technology Overview: We initially developed the mobile aerosol-sealant injection system as a 
laboratory prototype. Each aerosol injection station of MASIS consists of a cart with a liquid 
sealant tank, a peristaltic pump, and an electrical control box; a sealant tube attaches the pump to 
an aerosol sealant injector. A compressed air hose and electrical wiring for the injection heater 
are also attached to the injector. 

Figure III-1 shows a schematic of the multiple injection system. Figures III-2 and III-3 show the 
cart and control box, as well as a schematic of the electrical circuitry in the control box. 

Aerosol Sealant Injector Details: Figure III-4 shows an aerosol sealant injector; Figure III-5 
illustrates the injector components schematically. 

The aerosol injector stem is a copper pipe (13/8 inch O.D.), which contains the liquid sealant line 
and the compressed air line with its electrical heater (110 V, 400 W). The top of the stem has a 
cap on which the injector nozzle is fastened. The purpose of the heater is to heat the compressed 
air so that it will evaporate the water in the atomized liquid sealant. 

The injector nozzle is an external-mix atomizing nozzle (Model 970 S4, Düsen-Schlick GmbH). 
Figure III-6 shows a nozzle, and includes schematics that show the parts of the nozzle in more 
detail. Liquid sealant flows through the center of the nozzle’s liquid insert; heated compressed air 
flows between the air cap and the outside of the liquid insert. The inner diameters of the liquid 
insert and air cap discharges are 1.0 mm and 2.6 mm respectively; the liquid insert protrudes 1.2 
mm from the air cap. The spray angle of the nozzle is 10 to 15 degrees; this small spray angle is 
important because it reduces the amount of sealant deposition on the duct walls and increases the 
sealing rate. 
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Figure III-1. Schematic of MASIS. This figure shows only one cart (lower right), but the 
schematic assumes that up to four injectors (each with a cart) could be used 
simultaneously, all controlled by a single computer. 

 

 
Figure III-2. MASIS cart and injection system control box. 
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Figure III-3. Schematic of MASIS control box electrical circuitry, and connections to 
other injection system components. 

 

 
Figure III-4. Aerosol sealant injector. 
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Figure III-5. Schematic of aerosol sealant injector, shown installed in a duct. 

            
Figure III-6. Aerosol sealant injector nozzle, with schematics of components. 
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Site-Specific Planning for Duct Sealing 

• Generate a duct map, which shows the location of all the VAV boxes and the 
location of all grilles associated with each VAV box. 

• Develop a protocol to isolate the system fan and VAV boxes from the trunk; if the 
VAV box primary air dampers need to be closed manually, develop a protocol for 
that process. 

• With assistance from the building engineer, identify and locate all sensitive 
components (e.g., smoke sensors, dampers); develop a protocol for protecting the 
components. 

• Determine where and how to install the sealing fan with airflow meter. 

• Determine how many aerosol injectors are needed and where to install them. 

• Mark the locations of components requiring intervention or related to the sealing 
process (duct system and injection system) on duct map; also mark the related 
ceiling access panels. 

Protocol for Sealing the Trunk Upstream of VAV Boxes 
1. Turn off the system fan (if on) and isolate the system fan and VAV boxes from the 

system. 

2. Protect sensitive components as needed. 

3. Connect the sealing fan and airflow meter to the trunk system. 

4. Setup the eight-channel Automated Performance Testing system (APT) and a 
computer to monitor the airflow and the duct wall pressure difference for the trunk 
duct. 

5. Using the sealing fan with its airflow meter, determine the trunk ELA25. 

6. If the trunk is very leaky, inspect the trunk for large leaks and manually seal any that 
are found. Determine the ELA25 again if any sealing was carried out. 

7. If further sealing is needed, install the aerosol sealant injectors. Otherwise, skip 
forward to the downstream sealing process. 

8. Turn on all the injectors, monitor the duct wall pressure difference and carrier airflow 
changes, and continuously determine ELA25 as sealing proceeds. 

9. Terminate the sealing once the trunk ELA25 stabilizes. 

Protocol for Sealing Branch Ducts Downstream of VAV Boxes 
Sealing multiple VAV branch ducts means there are multiple independent but 
simultaneous tasks. In this stage of the sealing process, MASIS can seal up to four 
branches at the same time. For each branch, all the associated grilles are temporarily 
covered and the associated primary air damper is opened. The sealing fan supplies the 
carrier airflow through the associated VAV box to the downstream leakage sites, and an 
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aerosol injector injects sealant downstream of the box. The ELA25 of the branch duct is 
based on the airflow entering the associated VAV box (measured using the box flow 
grid); it is not based on the carrier airflow, which is the sum of the airflows supplied to 
the multiple downstream sections that are being sealed. The pressure difference across the 
duct wall is still measured in the trunk. 

As part of this process, it is necessary to calibrate the VAV box flow grids. Assuming that 
all flow grids behave similarly and that relative changes in ELA25 are more important 
than the absolute values, then it is necessary to only calibrate one grid and the same 
calibration can be used for all other grids. The simplest calibration involves a one-point 
test. The test involves opening one primary air damper after the trunk is sealed; the 
airflow through the box grid will then be the carrier airflow minus the leakage flow of the 
trunk. That leakage flow is estimated using the trunk ELA25 and duct wall pressure 
difference. Note that pressure-dependent VAV boxes do not have flow grids installed; a 
probe to determine box airflow will need to be inserted in each branch being sealed. 

The following describes the protocol for sealing up to four downstream sections at a time. 
This protocol is repeated on other downstream sections as needed. 

1. Cover all of the grilles on the downstream sections being sealed. 

2. Open the primary air damper of one VAV box; calibrate the airflow through the 
associated box flow grid. 

3. Open the other primary air dampers for the downstream sections being sealed. 

4. Determine the ELA25 of each branch duct being sealed. 

5. If a branch duct is very leaky, inspect the duct for large leaks and manually seal any 
that are found. Determine the ELA25 again if any sealing was carried out. 

6. For each branch duct being sealed, if further sealing is needed, install the aerosol 
sealant injector downstream of the VAV box. Otherwise, skip forward to Step 9 of the 
downstream sealing process. 

7. Turn on the injectors. As sealing proceeds, monitor the duct wall pressure difference 
and the branch duct airflow changes, and continuously determine the ELA25 for each 
branch duct being sealed. 

8. For each branch duct, when its ELA25 stabilizes, terminate the sealing, uninstall the 
injector, close the primary air damper, and uncover the associated grilles. 

9. Move to the next unsealed branch. Repeat the protocol from Step 3 onward. If all 
branches are sealed, continue to Step 10. 

10. Restore the system and turn on the system fan (if it was found on). 

Refining MASIS for Field Use 
The use of the MASIS injection system in the laboratory and field differs in two ways: 
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1. Lab tests use short compressed air hoses connected to nearby fixed, high-capacity 
air supplies; field use requires a portable compressed air supply and longer air 
hoses. 

2. In a lab, it is easy to clean clogged injector nozzles with solvents and the time to 
do so is less critical; field cleaning of nozzles is more difficult because of limited 
facilities to accommodate solvents and the time available for cleaning is often 
limited. 

The following describes our refinements to MASIS for field use. 

Compressed Air Supply: For field use, each injection station requires a portable air 
compressor. The compressed air pressure for liquid sealant atomization is 50 psi and the 
airflow is 3 to 5 cfm. The compressor needs to operate on the 110 V electrical supplies 
commonly available in buildings and is limited to single-stage devices for portability. 
Compressors that meet these requirements are commercially available, but our flow and 
pressure requirements are near their capacity limits. 

The compressor could be mounted on the injection cart to improve system portability. 
However, compressors are noisy, so locating the compressor 50 to 100 feet away from the 
work area is preferable. This means that compressed air hoses of this length with a low 
pressure drop are needed. To determine an appropriate hose size for the compressed air 
lines, we calculated the pressure drops for the flow range that we use, based on a 
roughness factor 0.0004 feet. For 3/8” I.D. air hose, the pressure drops range from 5 to 
13 psi per 100 feet of hose. For 1/2” I.D. air hose, the pressure drops are much lower: 1 to 
2 psi per 100 feet of hose. To take advantage of the smaller pressure drops, we selected 
1/2” I.D. hose and limited the length to 50 feet for portability reasons. 

Nozzle Clogging: The heated compressed air that dries the sealant after it leaves the 
injector nozzle has an undesirable side effect: it also heats up the whole nozzle assembly. 
The increased nozzle temperature causes sealant to gradually deposit on the wall of the 
liquid insert inside the nozzle. When enough sealant accumulates in the insert, it becomes 
clogged and the sealant flow stops. 

Lab tests under our DOE research program addressed the clogging issue. One technique 
that we identified and applied under that program was to use compressed air to flush the 
nozzle after an injection sequence is complete. A bypass valve was installed between the 
liquid and compressed air lines. To flush the nozzle, it is necessary to turn off the sealant 
pump and heater and open the bypass valve simultaneously. To avoid rupturing the 
sealant lines and to prevent backflow through the pump from the compressed air 
introduced into the sealant lines, we upgraded the peristaltic pump and lines. The new 
pump can provide 63 ml/min of sealant flow at 100 psi. The pump has a metering 
capability and can be set to any desired flow, within a 10:1 turndown ratio. Our lab tests 
indicate that the pump and flushing system are effective in providing the desired range of 
sealant flows (20 to 50 ml/min) for double the number of injection sequences before 
clogging (10 sequences instead of 5). Further work funded by DOE is underway to 
develop a nozzle that is less susceptible to clogging. 
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Testing the Sealing Process Monitoring System 
MASIS uses an auto-zeroing eight-channel pressure transducer (Automated Performance 
Testing system, APT) to measure the duct wall pressure differences, as well as the flow 
meter pressure differences used to determine leakage airflows. Using custom software 
that we developed to monitor up to four simultaneous sealing processes, a laptop 
computer connected to the APT displays the duct wall pressure differences and carrier 
airflows, calculates the effective leakage areas (ELA25), and determines the sealing rates 
versus elapsed time. Both the upstream and downstream sealing stages use the same 
centralized monitoring system. Although sealing each of the VAV branches in the second 
stage is independent and separate monitoring stations could be used, it is advantageous 
for capital cost and efficiency reasons to use the same centralized monitoring system in 
both stages. We have extensively tested the software and monitoring system in our 
laboratory and determined that this system is fully functional. Figure III-7 shows sample 
results from a single-branch duct-sealing test in our laboratory. 
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Figure III-7. Sample results from a single-branch duct-sealing laboratory test. The 
injector was turned off after running about 5 minutes; the carrier airflow fan was 
turned off about 5 seconds later. The effective leakage area (ELA25) of the duct section 
was reduced about 94% over the 5-minute period. 

Other Duct Sealing Issues 
We considered other duct sealing issues in this project, but after further laboratory and 
field investigations, discounted them in terms of field retrofits. One example involves 
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VAV box air leakage. Our laboratory tests of one VAV box with an induction fan 
indicated that about 30% of the box leakage is across the partition separating the primary 
air path from the induction fan inlet, and about 70% of that is associated with induction 
fan backdraft damper leakage. Our field tests indicated damper leakage could be even 
larger (2 to 3 times greater), but it seems that damper leakage may not be a significant 
issue when compared with other duct leakage. In any event, field retrofits to reduce 
backdraft damper leakage would be difficult because of limited access and aerosol sealing 
cannot be used to seal the damper edges (the damper needs to open when the induction 
fan operates). Providing better sealing for the backdraft damper and partition appears to 
be a design and manufacturing issue more so than an installation or field retrofit issue. 

Another example involves air leakage at supply grille edges. Our component leakage tests 
in the test building indicated that a substantial fraction of the leakage area in downstream 
duct sections is located at the supply grille edges. However, our leakage flow tests with 
and without grille edge seals indicated that this leakage area is of little concern, likely 
because operating pressures at these leaks are very low. 

Next Steps 
Given the definition of aerosol sealing protocols here and the positive results from our lab 
tests, we are ready to deploy the multiple injector aerosol-based sealing technology to seal 
duct leaks in large commercial buildings. The next step is to demonstrate its performance 
in a sample of large commercial buildings. 
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Production Readiness Plan for Retrofitting Thermal Distribution Systems 
in Large Commercial Buildings 
The primary outcome from this project is the measured confirmation that duct leakage airflows 
can significantly increase fan energy consumption in large commercial buildings. In addition, we 
have defined a new metric for distribution system efficiency, demonstrated a reliable test for 
determining duct leakage, and developed new techniques for duct sealing. The parallel story in 
the residential and small commercial sector has shown that from the comparable stage in that 
research to maturity of technology adoption (e.g., commercialization and inclusion in standards) 
was approximately ten years. We conclude that a concerted effort will be necessary in order to 
make the same—or better—progress for the large commercial building sector. 

Market transfer work to date: 

1. Codes and Standards. California’s Title 24 currently has no performance criteria for 
thermal distribution systems in large commercial buildings. We have identified a metric, 
transport energy per unit thermal energy delivered, for characterizing distribution system 
efficiency that the Title 24 compliance process should include for all new large 
commercial buildings. Once we have a good understanding of the range of distribution 
system efficiencies, we could then set guidelines for minimum acceptable levels. 

2. CA Public Sector. University of California staff is already asking for the development of 
duct tightness criteria for the new buildings at UC Merced. They are also interested in the 
measurement and verification procedures to ensure that these criteria have been met. 
These criteria could be adopted for new construction at University of California and 
California State University campuses throughout the state. 

3. PIER-related activity. Taylor Engineering, Eley Associates, and the Center for the Built 
Environment at UC Berkeley have all come on board this project as interested co-
participants. The work at the test building in Sacramento has been a fertile testbed for 
several groups interested in sharing our monitoring capabilities to do unique 
measurements of HVAC systems in commercial buildings. 

4. Synergistic funding with US DOE. This project has benefited from over $400k of 
support from the Building Technologies office at the U.S. Department of Energy. DOE 
plans to continue supporting work in this area, including continued efforts at the test 
building in Sacramento to further assess duct leakage diagnostics, as well as 
measurements of duct leakage at different sites. 

5. Work with the building services sector. The engineering staff at the public building 
where we did the fieldwork for this study has been very interested and supportive of our 
work. They plan to use the findings from this study to better operate their showcase 
building. 

In addition to the market transfer work identified above, there is one specific aspect of the study 
that has large commercialization potential: the aerosol sealing technology. We are currently 
negotiating a license agreement with a major commercial HVAC manufacturer for the use of the 
aerosol sealant in large commercial buildings. However, there are some development tasks that 
may be appropriate for the public sector to pursue, given the lack of R&D that is currently done 
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in the building’s sector. Once this work is done, we expect the private sector to fully 
commercialize this technology. The steps needed for its commercialization are as follows: 

1. Documentation of health and safety performance for the aerosol sealant. UL has tested 
and approved the aerosol sealant for safety (e.g., fire, smoke) and there has been a 
preliminary review of the literature for possible health effects from the sealant material. A 
more extensive health review is planned, but not currently funded. Without this 
documentation of the health impacts, there may be reluctance on the part of building owners 
and managers to use the aerosol technology. Our attempt to demonstrate aerosol-sealing 
technology developed in this project encountered such a barrier. 

2. Characterization of the energy savings potential of existing buildings. Very few buildings 
have had their distribution systems fully characterized. We know the potential savings from 
computer simulations, but these models have been based on assumptions of leakage amount 
and distribution. There is a need for measuring a sample of large commercial buildings to 
determine the actual range of leakage distributions. The U.S. Department of Energy currently 
plans to fund this work in 2003. 

3. Demonstration of aerosol sealing in a sample of commercial buildings. The aerosol 
sealant has been demonstrated in residential and small commercial buildings. This project has 
led to further development of the equipment suitable for testing in large commercial 
buildings. The next step is to demonstrate the performance in a sample of commercial 
buildings. 

4. Transfer to private sector. The University of California currently holds the patents for the 
aerosol sealing technology. If private interests license the technology, they will then carry out 
the necessary training of contractors and production of equipment to reach the market. 

Our recommendations for future work are as follows: 

Recommendation #1: Further develop the test method for determining leakage airflows 
in large commercial duct systems and submit it for adoption to ASTM (e.g., “Test 
standard for determining duct leakage flow in large commercial building systems”). 

Recommendation #2: Work with California’s Title 24 staff to introduce a requirement 
for quantifying and reporting the “overall efficiency of the distribution system” metric for 
new large commercial buildings. Once we have a good understanding of the range of duct 
system efficiencies from reported data, we could then use these data to set guidelines for 
minimum acceptable levels. 

Recommendation #3: Develop specifications for maximum allowable duct leakage 
airflows and for duct sealing in new construction. 

Recommendation #4: Continue collaborative work with the U.S. Department of Energy, 
University of California, private sector (e.g., Carrier, Eley Associates, Taylor 
Engineering) to transfer information to the building industry. 

Recommendation #5: Evaluate the performance of the thermal distribution system at the 
demonstration building over a heating season, with and without the added duct leakage. 
The investment of time and equipment at the demonstration building makes it worthwhile 
to continue monitoring the system in order to look at energy savings over the year. 
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Recommendation #6: Survey additional sites to start a database of duct leakage 
characteristics in large commercial buildings. This work is currently planned with funding 
from the U.S. Department of Energy and would benefit from co-funding by the CEC. 

The final Project Advisory Committee meeting in November 2002 also generated 11 
recommendations for further work. These recommendations are in the form of desired outcomes 
for improving thermal distribution systems in large commercial buildings, both new and existing, 
by 2010. Many of these outcomes reflect our recommendations, but they also represent a broader 
scope. The desired outcomes are as follows: 

A. Stock Characterization and Energy Savings Potential 
1. Stock Characterization. An assessment of thermal distribution systems in the large 

commercial building stock (e.g., magnitude and location of leakage airflows). 

2. Current Practice. Characterization of existing practices for duct installation. 

3. Energy Impacts. An expanded understanding of the energy impacts of thermal 
distribution system characteristics (e.g., impacts related to duct leakage and thermal 
conduction) and a ranking of the issues that warrant further study. 

B. Design and Construction 
1. Design Guides. Duct design and construction guidelines that focus on the most 

important issues in terms of their impacts on energy performance. 

2. Simulation Tools. Mainstream simulation programs that can be used as design tools to 
predict distribution system performance. 

3. Technology Adoption. Use of low-leakage duct components and joints, which will 
reduce or eliminate the need for widespread duct leakage testing. 

4. Specifications. Specifications for achieving tight ducts within the normal building 
delivery process. 

5. Design Intent Linkage. Improved communications between design intent, field 
construction, and operation. 

C. Codes and Standards 
1. Metrics. Further development of proposed metrics for system characterization (i.e., 

expanded definitions of what each metric includes, and how each is determined or 
measured). 

2. Standards. Defined standards for distribution system installation. 

3. Test Procedures. A standard test procedure for flow hoods. 

D. Operations & Maintenance, Diagnostics, and Commissioning 
1. Commissioning Toolkit. A toolkit for commissioning ducts. 
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2. Real-Time Diagnostics. A diagnostic method for measuring the energy use of 
distribution systems during operation, so that building operators can detect and rectify 
deficiencies in space conditioning energy delivery. 

3. Information Transfer. Dissemination of our current knowledge to the critical players. 

 

1/18/2012 170 of 288



 
 
 
 
 

Thermal Distribution System Characteristics and 
Energy Impacts of Duct Leaks in Light Commercial Buildings 

 
 
 
 

Prepared by 
 

Max Sherman, Tengfang Xu, Bass Abushakra, Darryl Dickerhoff, Craig Wray, 
Duo Wang, and Mark Modera 

 
Environmental Energy Technologies Division 

Lawrence Berkeley National Laboratory 
Berkeley CA 94720 

 

 

Final Report to 

California Institute for Energy Efficiency (CIEE) 

and 

Sacramento Municipal Utility District (SMUD) 

 

 
 
 
 
 

April 3, 2002 

1/18/2012 171 of 288



Disclaimer 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States nor any agency thereof, nor The Regents of the University of California, nor 
any of their employees, makes any warranty, express or implied, or assumes any legal 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use would not infringe privately owned 
rights. Reference herein to any specific commercial product, process, or service by its name, 
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any agency 
thereof, or The Regents of the University of California. The views and opinions of the 
authors expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof, or The Regents of the University of California. 
 

Ernest Orlando Lawrence Berkeley National Laboratory 
is an equal opportunity employer. 

 
Contract No. DE-AC03-76SF00098 with the U.S. Department of Energy 

 

Disclaimer 

The report presents the result of work sponsored by the Sacramento Municipal Utility 
District (SMUD), through a contract with the Regents of the University of California, 
California Institute for Energy Efficiency (CIEE). It does not necessarily represent the views 
of SMUD, its employees, the State of California, The Regents, or CIEE. SMUD, the 
Regents, the State of California, CIEE, their employees, contractors, and subcontractors, 
make no warranty, express or implied, and assume no legal liability for the information in 
this report; nor does any party represent that the use of this information will not infringe 
upon privately owned rights. This report has not been approved or disapproved by SMUD or 
CIEE, nor has SMUD or CIEE passed upon the accuracy or adequacy of the information in 
this report. 

1/18/2012 172 of 288



Thermal Distribution System Characteristics and 
Energy Impacts of Duct Leaks in Light Commercial Buildings 

 
 
 

Max Sherman, Tengfang Xu, Bass Abushakra, Darryl Dickerhoff, Craig Wray, 
Duo Wang, and Mark Modera 

 
Environmental Energy Technologies Division 

Lawrence Berkeley National Laboratory 
Berkeley CA 94720 

 
 

April 3, 2002 
 

Acknowledgements 

The research reported here was funded in part by the California Institute for Energy 
Efficiency (CIEE), a research unit of the University of California. Publication of research 
results does not imply CIEE endorsement of or agreement with these findings, nor that of 
any CIEE sponsor. 

This work was also supported by the Assistant Secretary for Energy Efficiency and 
Renewable Energy, Office of Building Technology, State and Community Programs, Office 
of Building Research and Standards, of the U.S. Department of Energy under contract No. 
DE-AC03-76SF00098. 

We wish to thank Bruce Vincent (SMUD) and Karl Brown (CIEE) for their support and 
input throughout the course of this project. We also wish to thank the anonymous business 
participants for providing site access and assistance during our field tests. To maintain 
confidentiality, test spaces are not identified within this report except by a code. 

 

Keywords 

Light commercial building, thermal distribution, duct leakage, delivery effectiveness, 
distribution system efficiency, electricity energy use, measurement, standards 

 

1/18/2012 173 of 288



Table of Contents 

EXECUTIVE SUMMARY ...................................................................................................................... 3 
A. Approach ......................................................................................................................................................... 3 
B. Findings and Conclusions .............................................................................................................................. 3 
C. Recommendations .......................................................................................................................................... 4 
 

1. INTRODUCTION .............................................................................................................................. 5 
2. OBJECTIVES AND APPROACH .................................................................................................... 5 
3. BUILDING / SYSTEM PHYSICAL CHARACTERISTICS ............................................................... 7 
4. RESULTS ......................................................................................................................................... 8 
4.1 Performance Characteristics of HVAC Systems ........................................................................................ 8 

4.1.1 Duct air leakage and operating pressure ................................................................................................... 8 
4.1.2 Thermal performance of duct systems ................................................................................................... 12 

4.2 Energy Impacts of HVAC System Duct Leaks ......................................................................................... 14 
4.2.1 HVAC system electricity usage ............................................................................................................. 14 
4.2.2 Impacts based on measurements ............................................................................................................ 14 
4.2.3 Impacts based on ASHRAE Standard 152P analyses ............................................................................ 16 

4.3 Summary of Results .................................................................................................................................... 19 
4.3.1 Performance characterization of HVAC systems ................................................................................... 20 
4.3.2 Energy impacts of duct leaks in HVAC systems .................................................................................... 20 

5. CONCLUSIONS ............................................................................................................................. 21 
6. RECOMMENDATIONS .................................................................................................................. 22 
7. REFERENCES ............................................................................................................................... 22 

 
APPENDIX A: ADDITIONAL PHYSICAL CHARACTERISTICS ....................................................... 24 
APPENDIX B: ELECTRICITY USAGE DATA SCREENING ............................................................. 25 
APPENDIX C: HVAC SYSTEM ENERGY USE PROFILES .............................................................. 27 
APPENDIX D: DUCT THERMAL PERFORMANCE .......................................................................... 32 
D.1 Supply Air Temperature Trends .............................................................................................................. 32 
D.2 Temperature Rise and Delivery Effectiveness ......................................................................................... 36 
APPENDIX E: PERCENTAGE ON-TIME ........................................................................................... 44 
APPENDIX F: ASHRAE 152P ANALYSIS INPUT PARAMETERS .................................................. 47 

1/18/2012 174 of 288



EXECUTIVE SUMMARY 
Studies conducted by LBNL and others over the past few years have developed a set of 
thermal performance characterization data for duct systems in light-commercial buildings. 
These studies have shown that system imperfections such as duct leakage substantially 
impair duct system thermal efficiency. However, there has been no work to evaluate the 
actual energy savings achievable by sealing typical duct leaks in real HVAC systems. To fill 
this gap in our knowledge, SMUD (through CIEE) has sponsored the “Thermal Energy 
Distribution Systems in Commercial Buildings” project, which involves a new field study of 
light commercial buildings in which we measured electricity use and thermal performance 
before and after sealing duct leaks. This report describes that work and our findings. 

This effort builds upon the “Commercial Thermal Distribution System” multi-year research 
program at LBNL. The overall goal of that program is to advance our understanding of the 
energy, comfort, and indoor-air-quality (IAQ) performance of thermal energy distribution 
systems in commercial buildings and to provide analyses, tools, and technologies geared 
towards improving the performance of these systems. 

The remainder of this executive summary describes our experimental approach and presents 
our major findings, conclusions, and recommendations. 

A. Approach 
The project includes performance characterizations and analyses by a combination of 
“pre/post-intervention” monitoring and “intervention/control” monitoring, augmented by 
diagnostics to control for  physical differences between buildings, and auxiliary monitoring 
to control for “operational” differences between pre- and post-retrofit periods. This project 
also includes analyses based on ASHRAE Standard 152P to evaluate the thermal impacts of 
duct leaks in these buildings. 

We carried out our characterization and monitoring efforts on eight spaces and the HVAC 
systems that serve them in a Sacramento area strip mall during the 2001 summer cooling 
season. The characterization efforts involved diagnostic measurements and “walk-through” 
inspections. Monitoring involved collecting minute-by-minute data regarding HVAC-related 
temperatures, relative humidities, and electricity energy use in two separate “intervention” 
spaces for about one month before and one month after sealing their ducts, as well as 
monitoring electricity energy use in six “control” spaces, which received no intervention 
over the same time periods. The change in duct leakage was from a near-typical level of 
23% pre-sealing to 1% post-sealing. We carried out subsequent analyses of the measured 
data to determine energy savings associated with duct sealing, and to estimate these energy 
savings using ASHRAE Standard 152P. 

B. Findings and Conclusions 
Our field investigations and analyses of duct leak energy impacts in light commercial 
building spaces with unvented ceiling plenums and insulation located upon the ceiling tiles 
have produced data from which we have drawn our five major conclusions: 

1) There appears to be substantial energy savings (20% to 30%) associated with sealing 
typical duct leaks. 
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2) Sealing typical duct leaks reduced the fractional on-time of the HVAC systems that we 
tested, particularly during the peak demand period (2 p.m. to 8 p.m.). The actual 
magnitude of the reduction attributable to duct sealing is uncertain, due to confounding 
effects of occupancy. However, the reduced on-times imply there is a potential to 
downsize HVAC equipment capacity when the ducts are sealed, while still providing 
temperature control within the occupied space. 

3) Sealing typical duct leaks in supply and return duct systems of light commercial 
buildings results in significant increases in distribution system efficiency under cooling 
design conditions as well as under actual summer operating conditions. 

4) Increases in distribution system efficiency associated with sealing typical duct leaks are 
larger for peak-hour summer conditions (e.g., cooling design peaks, and actual peaks) 
than for normal summer weather conditions (e.g., cooling seasonal design, and average 
weather condition). This indicates that duct sealing can achieve greater energy savings 
during peak hours than during average operating conditions in the summer. 

5) The use of 152P diagnostic protocols for light commercial buildings must incorporate 
additional measurement inputs to estimate actual HVAC distribution system efficiency. 
Our analyses based upon the limited data obtained from temperature and humidity 
monitoring indicate that measured air parameters deviated significantly from those 
typically used in residential duct systems, and that accurate input of air parameters for 
indoor, outdoor, and ceiling plenum is essential to providing accurate results. 

C. Recommendations 
Through our efforts to assess the potential energy benefits associated with duct sealing, we 
found there is a need to expand the scope of ASHRAE Standard 152P and to develop data to 
support the standard’s use for light commercial buildings. Specifically, these efforts should 
include the following. 

1) Establishing a database of structural and operating characteristics (e.g. insulation 
location, airflows) and boundary conditions surrounding leaky supply and return ducts in 
real light commercial buildings (e.g., ceiling plenum air temperature). 

2) Evaluating energy savings associated with sealing leaky duct systems during the heating 
season, in different climatic regions, and for different types of light commercial 
buildings. 

3) Future work should also gather, compile, and document best practices for achieving 
tighter duct systems during their design, manufacturing, and installation. 

4) Future work should examine the impacts of duct leaks on the air quality and comfort in 
conditioned spaces and/or in spaces connected to the occupied spaces. 
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1. INTRODUCTION 
An earlier research effort sponsored by CIEE disaggregated California commercial-building 
HVAC energy use by thermal-distribution system type (Modera et al. 1999). That work 
indicated that the vast majority of thermal energy distribution in California commercial 
buildings is through duct systems and that rooftop-packaged air-conditioning systems in 
"small" thermally dominated buildings consume approximately 20% of the cooling energy 
in California commercial buildings. These light-commercial buildings are primarily one- and 
two-story structures with individual HVAC units serving floor areas less than 10,000 ft2. 

Studies conducted by LBNL and others over the past few years have developed a set of 
characterization data about duct systems and their thermal performance in light-commercial 
buildings (Delp et al 1997, Delp et al. 1999, Xu et al. 2000). In particular, these studies have 
demonstrated that ducts are often located in unconditioned spaces, are poorly insulated, and 
there is typically 26% duct leakage to outdoors; these imperfections substantially impair 
duct system thermal efficiency. 

To assess the energy impacts of duct leakage, Modera et al. (1999) have used DOE-2 
simulations based upon the available stock characterization data. Assuming that half the duct 
leaks can be eliminated in one third of California light commercial buildings, they 
hypothesized that there is an associated annual electricity energy savings potential of 
160 GWh. However, none of these studies has evaluated the actual energy savings 
achievable by sealing typical duct leaks in real HVAC systems. To fill this gap in our 
knowledge, we have performed a new field study of light commercial buildings in which we 
measured electricity use and thermal performance before and after sealing duct leaks. This 
report describes that work and our findings. 

2. OBJECTIVES AND APPROACH 
The primary objective of this project is to conduct field measurements and subsequent 
analyses to determine the electricity consumption and demand impacts of sealing typical 
duct leaks in light commercial buildings. A secondary objective is to further develop the 
existing set of characterization data about duct system thermal performance in these types of 
buildings. 

The project includes performance characterizations and analyses by a combination of 
“pre/post-intervention” monitoring and “intervention/control monitoring, augmented by 
physical characterization to control for “structural” differences between buildings, and 
auxiliary monitoring to control for “operational” differences between pre- and post-retrofit 
periods. The project also includes analyses based on ASHRAE Standard 152P to evaluate the 
thermal impacts of duct leaks in these buildings. 

During the 2001 summer cooling season, we performed the following three tasks in a 1989-
vintage one-story Sacramento strip mall with multiple spaces and rooftop HVAC units: 

Task 1: Building Characterization 

SMUD identified and selected the strip mall that we used in this project. An 
advantage of having all test spaces and HVAC systems in one strip mall is that it is 
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more straightforward to control for “structural” differences between building spaces. 
Based on accessibility constraints, we selected two “intervention” spaces and six 
other “control” spaces for our study. “Intervention” spaces are ones in which we later 
changed the duct leakage; “control” spaces are ones that we left unchanged. We then 
carried out a one-time characterization of each intervention space and its associated 
HVAC systems. This work involved “walk through” inspections and diagnostic 
measurements. In each case, quantitative characterization included measurements of: 
1) duct leakage for supply and return ducts, 2) HVAC fan airflows, 3) airflows 
through supply and return grilles, 4) temperature rise/drop between the supply 
plenum and the far supply grilles, and 5) operating pressure differences between the 
duct systems and surrounding spaces. We also used visual characterization to locate 
air and thermal barriers relative to the ductwork so that we could determine duct-loss 
regain factors. 

Task 2: Monitoring 

Throughout the cooling season, to ensure adequate performance characterization 
over a range of outdoor temperature conditions, we monitored electricity use and 
building operating characteristics for about one month before and one month after 
sealing ducts. Our monitoring included electricity use, HVAC-related temperatures 
(in the occupied areas at the thermostat, in the zones in which the ducts are located, 
and outdoors), and associated relative humidities for the two “intervention” spaces. 
We also monitored electricity use for all six “control” spaces. Due to limited access, 
we only monitored temperatures and associated humidities for two of the “control” 
spaces. SMUD supplied the electrical energy monitoring equipment. To capture 
equipment cycling behavior, we configured this equipment to acquire data on a 
minute-by-minute basis. 

Task 3: Sealing of the Duct Systems 

Based on field measurements in about 30 California light-commercial buildings 
reported on by Xu et al. (2000), typical whole-system duct leakage to outdoors is 
about 26%. Recent anecdotal information (Modera 2002) indicates some systems are 
even leakier. As found, the two “intervention” duct systems were less leaky than 
typical (“as found” whole-system leakage ratios of 2 to 8%). Consequently, after one 
week of monitoring the spaces “as found”, we added controlled leaks to the supply 
and return sides of the system to achieve typical leakage. For the subsequent 
“sealed” period, we removed the added leaks and sealed each duct system using 
aerosol sealant. We chose this methodology, because the primary objective of this 
project is not to develop or evaluate sealing protocols, but rather to determine the 
energy impacts of duct sealing. 

Subsequently, we analyzed our field test data and carried out ASHRAE Standard 152P 
predictions of performance. The first part of this effort involved data analyses to characterize 
the pre- and post-sealing energy and operating performance of the tested HVAC systems. 
These analyses included determining parameters such as duct leakage (effective leakage 
area, air-leakage class, air-leakage ratio), operating pressure differentials, air temperature 
rise in ducts, thermal energy delivery effectiveness, and HVAC electricity consumption. The 
second part of this effort involved analyses to determine energy savings based on our 
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measured data and based on ASHRAE Standard 152P (using design, hyper-design, and 
seasonal weather conditions). 

3. BUILDING / SYSTEM PHYSICAL CHARACTERISTICS 
SMUD identified and selected the Sacramento-area light commercial building that we used 
in this study. The building is a continuous one-story strip mall that was built around 1989, 
and is located in generally open terrain with little shielding from the wind and little shading 
from the sun. 

The mall contains all eight of the spaces and HVAC systems that we selected, characterized, 
and tested. Systems S1 and S2 were the “intervention” systems; Systems S3 through S8 
were our “controls”. We selected these spaces and systems based on various constraints and 
benefits in terms of space accessibility, security, occupancy schedule, thermostat schedule, 
and hygiene. 

Of the spaces that we used, some are larger than others, but the majority is about the same 
size. The floor area of each space ranged from 110 to 219 m2 (1,180 to 2,360 ft2). The larger 
areas correspond to double-size spaces. All the building spaces have a ceiling height of 2.7 
m (9 ft). 

The eight spaces that we tested are each adjacent to other spaces on both sides. Most spaces 
are separate from each other, but Spaces S3 through S7 are connected by normally open 
doors. All spaces have similar stud walls and drop ceilings that are suspended about 1 m (3.3 
ft) below the roof. The roofs are made of wood rafters with sheathing covered by asphalt. 
Based on our visual observations, there is no thermal insulation located at the roof. 
However, 20 cm (8 inch) thick fiberglass batt insulation is located on top of the ceiling tiles 
in each space except one: Space S8, which had no insulation at the tiles. Our visual 
inspections indicate that the ceiling tiles in each space act both as thermal barriers (except in 
Space S8) and as air barriers between the conditioned space and the unvented ceiling 
plenum. 
None of the building spaces contained large equipment, although Space S1 had relatively 
large internal loads due to a number of small heat sources (operated during occupied hours). 
Most of the spaces have 100% of their floor area air-conditioned. Space S2 is slightly 
different: about 7% of its floor area is unconditioned storage.. 

All of the HVAC systems are rooftop-packaged units, and were installed in 1989 when the 
building was constructed. With few exceptions, the HVAC unit nameplates were either 
missing or were faded and illegible. Virtually no design data about HVAC nominal capacity 
was available. As a result, it was difficult to determine the rated capacity of the equipment 
by simple inspection. Each system typically serves a floor area of 110 m2 (1,180 ft2). Flex 
ducts (12 to 16 inch diameter, with R-4.2 insulation) are located in the ceiling plenum and 
connect the rooftop unit to three or four supply grilles and to one return grille. All grilles are 
perforated squares of 73 by 73 cm (2x2 ft). None of the systems uses an economizer and 
each air-handler fan cycles with the associated compressor. 

Each of the building spaces had its own occupancy hours that manifested typical business 
operations during the course of the field study. We observed various operation schedules 
across different building spaces, HVAC systems, and across different days of a week even 
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for the same system. Specifically, System S1 operated 24 hours a day every day, even when 
the business was closed and unoccupied (Sundays and Mondays). System S2 exhibited 
daytime operation most of the time, with a long lunch break on Mondays to Fridays when 
the system thermostat was pre-programmed to setup to a higher temperature, but there was 
no lunch break on Saturdays. All the businesses were closed on Sundays, which means that 
all the building spaces in our study were physically closed on Sundays. Further details 
related to HVAC operation schedules are contained in Appendix C. 

Appendix A lists additional physical characteristics of the building spaces and HVAC 
systems. 

4. RESULTS 

4.1 Performance Characteristics of HVAC Systems 

4.1.1 Duct air leakage and operating pressure 
The specific geometry of joints and seams along the duct, the type of sealing material and 
method, and the operating pressure across the duct wall affects duct air leakage. Several 
metrics are available to characterize duct airtightness: air-leakage ratio, specific leakage 
area, and air leakage class. The following describes these characteristics, along with the 
operating pressures across the duct wall, for the two “intervention” systems at each of the 
three test conditions: as found, pre-sealing, and post-sealing. 

4.1.1.1 Air-leakage ratio 
Air-leakage ratio is defined as the ratio of leakage airflow to the supply fan airflow during 
normal system operation (Xu et al. 2000). To calculate this ratio for a whole duct system, we 
determined the supply and return leakage flows from measurements of air-handler airflows, 
airflows induced from outside, and airflows in and out of all grilles in the same duct system. 
However, in some cases, we instead estimated the leakage airflows at operating pressures 
using the flow coefficient and pressure exponent derived from duct pressurization tests at a 
25 Pa duct static pressure; the technique used in each case depended on accessibility. 
Table 1 shows that the “as found” whole-system air-leakage ratios for Systems S1 and S2 
during normal system operation were 8% and 2%, respectively. Compared to typical leakage 
ratios (about 26%) for duct systems of light commercial buildings found in other studies (Xu 
et al. 2000), these air-leakage ratios are substantially lower. Consequently, both systems “as-
found” were too tight for studying the energy impact of typical duct leaks. 

Because this strip mall was the only one identified for testing, we adding controlled leaks to 
increase the duct leakage of the two “intervention” systems to typical levels. Specifically, we 
added the leaks to the supply and return ducts just upstream of the grilles, such that the new 
leaks would leak to/from the ceiling plenum (and between there and outdoors through 
existing envelope leaks). The added leaks were essentially orifices, with a pressure exponent 
of about 0.52. In this study, we considered the “pre-sealing” condition to be the one with 
added leaks. Table 1 shows that the “pre-sealing” air-leakage ratios for System S1 and 
System S2 were about 23%, which is nearly typical. We carried out our continuous 
monitoring of the systems in this condition for four weeks. 
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After we removed the added duct leaks and sealed the remaining leaks using mastic and 
aerosol sealing techniques in Systems S1 and S2, we conducted “post-sealing” 
measurements and monitoring for another four weeks. For comparison, Table 1 shows that 
the “post-sealing” air-leakage ratios for Systems S1 and S2 were approximately 1% during 
normal system operation, which indicates the ducts were tighter at the end of the project 
when we left the building than they were in the “as found condition”. 

Table 1: Air-leakage ratios for supply and return ducts in Systems S1 and S2 

Air-Leakage Ratio HVAC Unit - S1 HVAC Unit - S2 

System  
As 

Found 
Pre-

Sealing 
Post-

Sealing 
As 

Found 
Pre-

Sealing 
Post-

Sealing 

Supply ducts (%)  10 27 1 2 18 1 

Return ducts (%)  5 19 1 3 28 1 
Whole system (%) 
(includes cabinets)  8 23 1 2 23 1 

Supply fan airflow (cfm)  1,200 1,030 1,030 870 910 850 
 

4.1.1.2 Specific ELA25 
ELA25 (effective leakage area at a reference pressure difference of 25 Pa) is defined as the 
area of a perfect nozzle (i.e., the area of the vena contracta of a sharp-edged orifice) that 
would produce the same flow at the reference pressure difference as that passing through all 
the leaks in the section being measured (SMACNA 1985, ASTM 1994). The ELA25 is 
determined using duct pressurization tests at a 25 Pa duct static pressure. Specific ELA25 is 
the “measured” ELA25 divided by the duct surface area (Xu et al. 2000); surface area is 
determined from geometric measurements of the duct system. For System S1, the supply and 
return duct surface areas are 17.9 and 6.2 m2 (193 and 67 ft2), respectively; for System S2, 
they are 17.4 and 4.6 m2 (187 and 50 ft2), respectively. The supply ducts have about 3 to 4 
times more surface area than the return ducts. 

Table 2 shows the specific ELA25 for Systems S1 and S2. Overall, the “as found” specific 
ELA25 of the supply duct systems was 4.9 and 1.4 cm2/m2, respectively; these values are 
biased toward the lower half of the range for supply ducts found in five light commercial 
systems: between 3.7 and 7.5 cm2/m2 with an average of 6.1 cm2/m2 (Xu et al. 2000). The 
“as found” specific ELA25 of the return ducts for Systems S1 and S2 was much higher than 
that for the associated supply ducts for Systems S1 and S2: about 1.5 times more for System 
S1 and about 4.5 times more for System S2. For System S1, these differences are not only 
due to the larger supply duct surface area; they are also due to an almost factor of two 
increase in leakage area for the supply ducts compared to the return duct. 
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With leaks added (“pre-sealing” condition), the whole system specific ELA25 was 
considerably greater than “as found”: in the range of 3 to 7 times higher. The whole system 
specific ELA25 for the “post-sealing” condition was about 0.5 cm2/m2 for both duct systems. 
This indicates that the duct systems were much tighter (by a factor over 30) after duct 
sealing compared to the “pre-sealing” condition. 

Table 2: Specific ELA at 25 Pa for supply and return ducts in Systems S1 and S2 

 
Specific ELA25 (cm2/m2) 

 
HVAC Unit - S1 HVAC Unit - S2 

System  
As 

Found 
Pre-

Sealing 
Post-

Sealing 
As 

Found 
Pre-

Sealing 
Post-

Sealing 

Supply ducts  4.9 16.6 0.4 1.4 10.6 0.3 

Return ducts  7.5 26.6 1.0 6.4 41.1 1.1 

Whole system 
(includes cabinets)  5.6 19.2 0.6 2.4 17.0 0.5 

 

We also conducted measurements of effective leakage area for four other systems located in 
the strip mall (S3, S4, S5, and S6). The “as-found” whole system specific ELA25 for each of 
those four systems was similar to that of Systems S1 and S2. Other systems were not 
accessible for testing because of business constraints. 

4.1.1.3 Air-leakage class 
Air leakage class, LC , is a metric (ASHRAE 2001a) that characterizes the leakage airflow at 
a 250 Pa (1 in. w.c.) static pressure differential across the duct leaks, per unit area of duct 
surface. The leakage flow at the 250 Pa reference pressure is determined using the flow 
coefficient and pressure exponent derived from duct pressurization tests at a 25 Pa duct 
static pressure. ASHRAE lists attainable leakage classes ranging from 3 to 12 for “quality 
construction and sealing practices”, but notes that these classes do not account for leakage at 
connections of ducts to grilles, at duct-mounted equipment, or at access doors. The 
ASHRAE class for “unsealed” flexible non-metal ducts is 30. The measured leakage classes 
are shown in Table 3. The “as found” and “pre-sealing” whole-system classes are within the 
range reported by Delp et al. (1999): 130 to 1,300 with a mean of 447. 

Overall, the “as found” whole-system air-leakage class was about 5 to 10 times greater than 
the ASHRAE “unsealed” class. After adding leaks, the whole-system “pre-sealing” leakage 
class was even greater: about 32 to 36 times the ASHRAE “unsealed” class. The whole-
system leakage classes decreased significantly to 30 after both duct systems were sealed. 
This “post sealing” leakage class represents a very tight system (1% leakage ratio) compared 
to other systems we have measured (Delp et al. (1999) and Xu et al.(2000)), even though 
ASHRAE lists this class as being representative of an unsealed system.  This is because the 
ASHRAE rating classes explicitly exclude the main leakage sites in the system at the 
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connections and indicates that the ASHRAE leakage classes require revision in order to be 
representative of real duct systems.  

Table 3: Air-leakage classes for supply and return ducts in Systems S1 and S2 

 
ASHRAE Air-Leakage Class 

(cfm/100 ft2 @ 1 in. w.c.) 
HVAC Unit - S1 HVAC Unit - S2 

System  As 
Found 

Pre-
Sealing 

Post-
Sealing 

As 
Found 

Pre-
Sealing 

Post-
Sealing 

Supply ducts  280 940 20 80 600 20 

Return ducts  430 1,500 60 360 2,330 60 

Whole system 
(includes cabinets)  320 1,090 30 140 960 30 

 

4.1.1.4 Operating pressure 
To characterize duct system static pressures during normal operation, we measured the 
operating pressures in the supply and return duct systems in Systems S1 and S2. We 
measured them at multiple locations in the ductwork using a static probe attached to a 
handheld electronic pressure transducer with a 0.1 Pa resolution. The method used to 
measure “supply duct” pressures is unique: it consists of blocking the grilles one by one with 
other grilles open as normal and recording the pressure difference across the block. We used 
this technique, because it is more repeatable than using a static probe inserted at the supply 
grille; however, instead of the static pressure just upstream of the grille, this measurement 
tends to represent the static pressure at the point where the duct being measured branches 
from the system. 

The pre-sealing and post-sealing supply and return plenum pressures listed in Table 4 are 
similar to those reported by Delp et al. (1999): a 66 Pa mean with a standard deviation of 
36 Pa for the supply, and a -43 Pa mean with a standard deviation of 25 Pa for the return. 

The plenum pressure data in Table 4 indicate there was a significant increase in pressure rise 
across the supply fan when the duct leakage decreased “post sealing”: 27 Pa (28%) increase 
for System S1 and 14 Pa (18%) for System S2. Table 1 shows the fractional changes in 
supply fan airflow were smaller: 0 cfm for System S1 and -60 cfm (-7%) for System S2. 
Given that fan power is proportional to flow and pressure rise, we expect that the sealing 
would increase air-handler fan power by 10 to 30%, assuming drive and motor efficiencies 
remained unchanged. Because we did not measure component power consumption, we 
cannot directly determine the expected fractional increase in total HVAC system energy use 
due to these pressure and flow changes. However, previous work by Modera et al. (1999) 
that characterized the energy use of three light-commercial buildings indicated that air-
handler fan energy is about 15% of the HVAC energy consumed by all the fans and 
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compressor. Therefore, the expected changes in fan power due to the pressure and flow 
changes described above are likely a small (2 to 5%) part of total HVAC system energy use. 

Table 4: Operating pressures of HVAC systems 

 
Operating Pressures Relative 

to Conditioned Space, Pa 
HVAC Unit - S1 HVAC Unit - S2 

System Section  As 
Found 

Pre-
Sealing 

Post-
Sealing 

As 
Found 

Pre-
Sealing 

Post-
Sealing 

Supply duct  34† 31 38 31 29 34 

Return duct  -24† -23 -25† -17 -15† -17† 

Supply plenum*  - 48 67 - 42 48 

Return plenum*  - -47 -55† - -37 -45 
* Values were measured relative to outside air; † Estimated values. 

4.1.2 Thermal performance of duct systems 
To enable us to characterize the thermal performance of the HVAC systems, we monitored 
air temperatures in the duct systems, building spaces, ceiling plenum, and outdoors for 
Systems S1 and S2. These data are useful for providing snapshots that demonstrate cycling 
behavior, to determine the temperature rise along ducts due to conduction, and to estimate 
delivery effectiveness. Appendices D and E provide further details discussing the calculation 
of these parameters. The following provides a summary of these results, based upon as-
found, pre-sealing and post-sealing conditions.. 

4.1.2.1 Temperature trends and percentage on-time 
Figures D.1 through D.6 in Appendix D show trends of air temperature changes over the 
course of an example day during normal system operations (typically a mid-week day). In 
general, we found that room temperatures were stable and the systems normally cycled on 
and off with wide variations in on-time length, rather than running continuously. This means 
that the systems were usually able to provide sufficient capacity to meet cooling loads and 
changes in duct leakage have the potential to reduce energy consumption as well as 
increasing comfort. Sealing ducts in a system that is always on before and after sealing will 
provide improved comfort through increased cooling capacity at the supply grilles, but will 
not provide energy savings. 

Appendix E describes our analyses of percentage on-time for the HVAC system. The % On-
Time is calculated by summing the total time the HVAC system is operating during a day or 
other period of interest and dividing that sum by 24 hours in the case of the daily average % 
on-time or by 6 hours in the case of the peak demand period (2 p.m. to 8 p.m.) average % 
on-time. Tables E.1 and E.2 in Appendix E describe the daily and peak demand average % 
on-times for the pre-sealing and post-sealing cases. These data are weather-corrected to 
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account for the cooler weather in the post-sealing period. They indicate that duct sealing 
reduces daily average % on-time by 4 to 9 percentage points and peak demand period 
average % on-time by 9 to 16 percentage points. Because the weather correction factors are 
dissimilar between control spaces, particularly during the peak demand period, it is likely 
that some of these differences are due to building or system operational changes as well as 
duct sealing. 

The reduction in % on-time implies there is a potential to downsize HVAC equipment 
capacity when the ducts are sealed, while still providing temperature control within the 
occupied space. The reduction in size should be determined by carrying out a thorough 
building audit, load calculation, and system sizing procedure. 

4.1.2.2 Temperature rises and delivery effectiveness 
Using the temperature data shown in Figures D.1 through D.6 of Appendix D, we calculated 
the temperature rise along the supply ducts, as well as the delivery effectiveness (Levinson 
et al. 1997) for an example cycle in each of the as-found, pre-sealing, and post-sealing 
periods. The delivery effectiveness represents the ratio of energy delivered at the supply 
grille to the energy potential at the supply plenum. Table 5 shows the magnitudes of the air 
temperature increases between the supply plenum and farthest supply grille at the end of the 
on cycle, and the cumulative delivery effectiveness for Systems S1 and S2 for three 
monitoring periods: as found, pre-sealing, and post-sealing. 

The temperature increases were about 1 to 2°C (2 to 4°F) based upon the selected cycles. We 
found some increase in delivery effectiveness (e.g., from 0.77 to 0.86 for system S2), which 
might be due to the improved tightness of the supply duct systems. However, because on-
time fractions, temperature rises, and delivery effectiveness are coupled, we cannot 
positively demonstrate the links between duct sealing and changes in temperature rise or 
delivery effectiveness without auxiliary simulations to correct for weather and occupant 
behavior variations. For example, Xu et al. (2000) have shown that when cooling on-time 
fractions increase, effectiveness also increases due to the diminishing impact of duct wall 
thermal storage on duct air temperatures. Conversely, when the on-time fractions decrease, 
such as observed in our study, one might expect the effectiveness to decrease as the thermal 
storage effects become more significant. 

Table 5: Example thermal indices for Systems S1 and S2 based on the farthest supply grille 

Temperature Rise and 
Delivery Effectiveness 

 

HVAC Unit - S1 HVAC Unit - S2 
As 

Found 
Pre-

Sealing 
Post-

Sealing 
As 

Found 
Pre-

Sealing 
Post-

Sealing 
Temperature rise (°C)  1.3 1.5 1.2 2.3 2.1 1.3 

Temperature rise (°F)  2.3 2.7 2.2 4.1 3.8 2.3 

Delivery effectiveness  0.86 0.83 0.87 0.65 0.77 0.86 
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4.2 Energy Impacts of HVAC System Duct Leaks 

4.2.1 HVAC system electricity usage 
The primary objective in this project was to collect electricity consumption and demand data 
for the HVAC systems before and after duct sealing, and to establish a baseline of energy 
usage over time for control purposes. Figures C.1 through C.8 in Appendix C show 50th 
percentile hourly energy use profiles for the intervention and control spaces during the pre-
sealing and the post-sealing phases. In general, the hourly energy consumption for the 
HVAC systems varied over the course of a day, from day to day, and from space to space. 
Through simple inspection, one can also observe reductions in HVAC energy usage during 
the post-sealing period compared to the pre-sealing period. For example, during the pre-
sealing days, the maximum 50th percentile hourly kWh was about 4 kWh for System S1and 
3 kWh for System S2; during the post-sealing days, this maximum was lower: about 3.5 
kWh for System S1 and 1.9 kWh for System S2. However, without correcting for 
confounding effects such as weather and operational changes, it is difficult to ascertain if 
these reductions are solely due to duct sealing. Our analyses of the duct sealing energy 
impacts, which account for these effects, follow. One set of analyses is based upon our field 
measurements; the second set is based upon ASHRAE Standard 152P, which forms the basis 
for the duct-sealing energy credit incorporated into the 2001 AB970 revision of California’s 
Title-24 Non-Residential Efficiency Standards. 

4.2.2 Impacts based on measurements 
One way in which we evaluated the impact of duct sealing on the energy consumption and 
demand of the HVAC systems was to compare the energy use of two intervention spaces 
before and after sealing the ducts to two control spaces (where the ducts remained 
untouched). After screening the energy data as described in Appendix B, we calculated the 
energy and demand savings as a percentage difference between the pre-sealing and post-
sealing average energy use of the intervention spaces. The savings are modified by a weather 
correction factor k, which is derived from the average energy use of the control spaces 
before and after sealing the ducts in the intervention spaces. This factor accounts for 
differences in cooling loads attributable to weather changes between the pre-sealing and 
post-sealing periods: the pre-sealing period took place during August 2001; the post-sealing 
period was in September 2001, when the outdoor temperatures were lower. Specifically, the 
correction factor is calculated by averaging the energy use over all days of the post-sealing 
period together, and all days of the pre-sealing period together and finding the ratio, post 
over pre, using an equation similar to Equation E.3 in Appendix E. 

To simplify the derivations required for our analysis, we used the letter codes A, B, C, and D 
to indicate the energy use or demand in the spaces as shown in the following grid: 

 

Space Pre-Sealing Post-Sealing 
Control A B 

Intervention D C 
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We calculated the savings as follows: 

 ( )
AD

BCBDk
D

CDSavings −
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−
=  (1) 

The bar over each letter in Equation 1 indicates an average over the specific period. We 
calculated these averages using Equation E.2 in Appendix E. In order to report the 
uncertainty associated with the savings, we used the error of the mean for each of the four 
averages A, B, C, and D. The error of the mean is the standard deviation divided by the 
square root of the number of the observations for a certain variable: 
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Applying the general rule of uncertainty to a function: 
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where each of the independently measured variables, x1, x2, x3, and x4, is associated with its 
own uncertainty, w, the uncertainty associated with the function, y, will be: 
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Each of the four variables A, B, C, and D therefore has its own uncertainty, and the four 
uncertainties combine to form the uncertainty in the savings value (Equation 1), as follows: 
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The daily energy savings are based on daily totals of monitored energy consumption; the 
peak demand period energy savings were calculated based on averages of hourly totals 
between 2:00 p.m. and 8:00 p.m. of the same days used in the energy savings analysis. 

Table 6 shows the daily average energy savings in the intervention spaces based on different 
control spaces, along with the uncertainty, followed by the weather correction factor in 
parentheses. Table 7 shows similar results corresponding to the peak demand period. 

Table 6: Daily average energy savings in Systems S1 and S2 

Energy Savings (%) 
and Weather Correction 

Factors 

Control Space 
S8 S3+S4+S5+S6+S7 

Savings Correction Savings Correction 
System S1 21 ± 11 0.79 18 ±   9 0.73 
System S2 29 ± 18 0.84 24 ± 17 0.75 
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Table 7: Peak demand period average energy savings in Systems S1 and S2 

Energy Savings (%) 
and Weather Correction 

Factors 

Control Space 
S8 S3+S4+S5+S6+S7 

Savings Correction Savings Correction 
System S1 22 ± 12 0.96 15 ±   8 0.75 
System S2 34 ± 19 0.99 23 ± 17 0.76 

 

The energy savings differ depending on which control is used, but seem to be repeatable 
within the margins of uncertainty. For the selected days under post-sealing conditions, the 
overall average energy use compared to pre-sealing conditions was reduced by about 20 to 
30%; similar savings during the demand period also were achieved. 

Because the variations in weather correction factors for the energy savings are similar to 
those for the percentage on-time (Tables E.1 and E.2 in Appendix E), it is likely that some of 
the savings are due to building or system operational changes as well as duct sealing. We can 
eliminate some of the operational effects by examining the air temperature at the thermostat 
at the end of each cycle. In particular, the space served by System S1 had a temperature of 
22.9°C and 23.0°C for pre- and post-sealing periods respectively; the space served by 
System S2 had a temperature of 23.6°C for both pre- and post-sealing periods. Therefore, 
thermostat settings did not affect the energy savings. 

Disaggregating the energy impact of reduced duct leaks from the possible impacts of other 
weather-unrelated parameters such as variations in operating hours, usage behaviors (e.g., 
door opening), infiltration, and thermal conditions in adjacent spaces is difficult. While it is 
helpful to use occupied reference spaces in calculating actual savings and providing 
uncertainty analyses based upon measured parameters, it is worth noting that unaccounted 
variations of related performance parameters might induce additional uncertainties that are 
not quantified by this experimental technique. Future studies using unoccupied spaces are 
necessary to eliminate these confounding effects. 

4.2.3 Impacts based on ASHRAE Standard 152P analyses 
ASHRAE Standard 152P (2001b) is a proposed method for estimating the efficiency of 
HVAC energy distribution systems within residential buildings. The standard covers 
efficiency predictions for forced air, hydronic, electric, and refrigerant systems. 

The purpose of our 152P analyses is twofold: 

1) to estimate energy impacts (energy savings and demand savings) of duct sealing 
under different design and weather conditions, and 

2) to highlight issues (if any) that should be considered in future developments of 
ASHRAE 152P if it is to be applied to light commercial buildings. 

In order to investigate the magnitudes of energy and demand savings due to duct sealing, we 
used ASHRAE 152P to predict savings under design weather conditions, hyper-design 
conditions, and seasonal weather conditions, also taking into consideration actual conditions 
such as air temperatures, humidities, and enthalpies during our monitoring of the two 
intervention systems. 
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Because ASHRAE 152P currently focuses on residential building systems, its formulae are 
derived from various experimental studies of residential buildings. Even though some 
characteristics of light commercial buildings are similar to those of residential buildings, it is 
likely that some of the formulae in 152P do not accurately reflect the performance of light 
commercial building systems. For example, the ceiling plenum temperatures in the two 
intervention spaces were close to outdoor temperatures most of the time, with a maximum 
difference of only 2°F. In contrast, if one is to think of the plenum as an attic, these 
temperatures are very much lower than typical attic temperatures during cooling periods: 
these temperatures can be 30 to 50°F hotter than outdoors. 

The main parameters that we used in the ASHRAE 152P analysis are summarized in Table 
F.1 of Appendix F. Where possible, the values that we used for these parameters are based 
upon characterization data from our field study. 

4.2.3.1 Impacts under design, hyper-design, and actual peak conditions 
We extracted the cooling design outdoor air temperature, humidity, and enthalpy conditions 
from ASHRAE Standard 152P for the 2.5% condition in the “Sacramento” area. 

The hyper-design condition is defined as the extreme condition in terms of the maximum 
outdoor dry-bulb temperature, and is extracted from the ASHRAE Handbook of 
Fundamentals (ASHRAE 2001a) for the “Sacramento” area. Other parameters associated 
with this condition include outdoor wet-bulb air temperature, humidity, and enthalpy. Since 
there is no coincident outdoor wet-bulb temperature documented for the peak hour, we used 
the coincident wet-bulb temperature at 0.4% cooling design as the surrogate for the outdoor 
wet-bulb temperature at peak to calculate humidity and enthalpy under the hyper-design 
condition. In addition, we performed parallel calculations by incorporating actual peak-hour 
conditions based upon monitored air temperatures and humidities (e.g., indoor, outdoor, and 
ceiling plenum conditions). 

We defined the actual peak-hour conditions for pre-sealing and post-sealing as the averages 
of peak-hour outdoor air temperatures during pre-sealing and post-sealing, respectively. 
Since the model prediction will provide values of distribution system efficiency under the 
given indoor, outdoor, structural, and leakage conditions, we use all available days with 
monitored air parameters to evaluate and compare potential energy savings in our analyses. 
Specific values of air parameters that we used for actual operation input are listed in Table 
F.2 of Appendix F. 

Table 10 summarizes the predicted distribution energy efficiency and our estimates of 
HVAC energy savings (and also electricity demand savings at the peak design temperature 
condition) based upon ASHRAE Standard 152P under a set of design and peak weather 
conditions, respectively. These conditions include: the ASHRAE 152P cooling design 
condition (2.5%), the hyper-design (peak-hour) condition, and the average of actual peak-
hour operation. 

This table shows that the HVAC distribution system efficiencies associated with design and 
actual peak conditions were consistently higher with the leaks sealed (1% air-leakage ratio) 
than they were with near-typical duct leaks (23% air-leakage ratio). As a result, sealing duct 
leaks resulted in significant electricity energy savings for design and actual peak conditions:  
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of 25 to 42%. There was a tendency to achieve larger energy savings under more severe 
summer conditions (i.e., at extremely high outdoor air temperatures). 

 

Table 10: Predicted duct system performance for various design and actual peak conditions 

 
System 

 
Design Condition 

Distribution System Efficiency Predicted 
Energy 

Savings†† Pre-Sealing Post-Sealing 

S1 

152P design (2.5%) 0.55 0.87 36% 

Hyper-design 
(peak condition) 0.49 0.85 42% 

Actual peak condition† 0.56 0.88 36% 

S2 

152P design (2.5%) 0.61 0.82 25% 

Hyper-design 
(peak condition) 0.61 0.81 26% 

Actual peak condition† 0.61 0.83 27% 
† Outdoor air temperature, humidity, and enthalpy are based upon peak-hour averages for pre- and post-
sealing; indoor conditions are based upon thermostat temperatures; 
† † Hypothetical values based upon distribution system efficiency assuming same load. 

 

4.2.3.2 Impacts under seasonal design and average operating conditions 
Like the cooling design conditions, we extracted the cooling seasonal outdoor air 
temperature, humidity, and enthalpy conditions from ASHRAE Standard 152P for the 
“Sacramento” area. The seasonal values allow one to predict energy efficiency based upon 
average weather conditions as compared to the peak conditions discussed above. Walker 
(1998) describes the seasonal conditions in further detail. The two main assumptions are that 
building load is proportional to indoor-outdoor temperature difference plus a factor to 
account for solar loads and that system on-time is proportional to building load. 

In this study, we incorporated actual air conditions based upon averages of monitored indoor 
and outdoor air temperatures and humidities. Separate averages were determined for pre-
sealing and post-sealing periods, using the same days selected for our savings analysis under 
actual peak conditions. Table F.2 in Appendix F lists the average operating conditions that 
we used in our analyses. 

Table 11 summarizes the predicted distribution system efficiency and our estimates of 
HVAC energy savings based upon ASHRAE Standard 152P analyses using two sets of 
weather conditions: the ASHRAE 152P cooling seasonal condition; and the average indoor 
and outdoor conditions during actual pre-sealing and post-sealing operating periods. 

As we found for the HVAC distribution system efficiencies with design and actual peak 
conditions, Table 11 shows that the efficiencies associated with seasonal and actual 
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operation conditions were also consistently higher with the leaks sealed than they were with 
near-typical duct leaks. On a seasonal or actual operation basis, sealing duct leaks in both 
systems also resulted in significant but lower electricity energy savings: 16 to 29%. These 
savings are about 9 to 13 percentage points lower compared to those associated with the 
design and actual peak conditions. 

Table 11: Predicted duct system performance for seasonal design and average conditions 

System Design Condition 
Distribution System Efficiency Predicted 

Energy 
Savings†† Pre-Sealing Post-Sealing 

S1 

152P seasonal design 
condition 0.63 0.89 29% 

Actual average weather 
condition* 0.67 0.90 26% 

S2 

152P seasonal design 
condition 0.70 0.84 16% 

Actual average weather 
condition* 0.70 0.85 18% 

* Outdoor air temperature, humidity, and enthalpy are based upon averages for pre- and post-sealing; indoor 
conditions are based upon thermostat temperatures. 
† † Hypothetical values based upon distribution system efficiency assuming same load. 
 

4.2.3.3 Impact comparisons 
Comparing distribution energy efficiencies for design (i.e., peak design and actual peak) and 
average (i.e., seasonal and actual operation) conditions, we found that the distribution energy 
efficiencies for each system were slightly higher under average operating conditions than 
under the peak-hour operation. This generally indicates that under milder conditions, the 
HVAC system operates more efficiently than under more severe conditions, regardless of 
duct leakage. However, the loads on the cooling system are lower during these periods, so 
there is less energy to save, even if the system is operating inefficiently (inefficient operation 
at low loads is less critical than at high loads). 

For the actual peak and average operating conditions, distribution system efficiency 
increased significantly after duct sealing. Although less severe peak and average weather 
conditions during the post-sealing period contributed partially to the increases in HVAC 
distribution system efficiency, reduced duct leakage was the main driver responsible for the 
considerable increases in distribution system efficiency, and the 18 to 36% energy savings. 
These savings are similar in magnitude to those based on our measurements (20 to 30%). 

4.3 Summary of Results 
We conducted detailed measurements and monitoring of eight package rooftop systems 
serving eight light commercial building spaces to characterize HVAC system performance 
before and after we changed the duct leakage in the two “intervention” systems. The 
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following summarizes our findings from the performance characterizations, and from our 
analyses of the energy impacts of sealing duct leaks in the two systems. 

4.3.1 Performance characterization of HVAC systems 

4.3.1.1 Duct air leakage and operating pressure 
The two “intervention” duct systems identified for our pre- and post- sealing study were 
relatively airtight, ranging from 2 to 8% in terms of whole-system air-leakage ratio; other 
systems that we tested in the same strip mall had similar leakage area and probably similar 
leakage ratios. While it is good to find tight duct systems in light commercial buildings, such 
low leakage is not useful for assessing the energy impact of fixing duct leaks in more typical 
systems. Consequently, we added controlled leaks to the “intervention” ducts so that the two 
systems had an air-leakage ratio of about 23% during the pre-sealing test period. This ratio is 
near the 26% duct leakage that is typical of California light commercial buildings. After 
removing the added leaks for the post-sealing test period, we sealed the remaining leaks 
using mastic and aerosol sealing techniques. The resulting duct leakage decreased to about 
1% in terms of air-leakage ratio. 

Operating pressures in the supply and return plenums were similar to those reported in 
earlier work by LBNL. These pressures increased significantly after we sealed the duct 
leaks, which in turn increased the pressure rise across the air-handler fan. Although we 
expect significant (10 to 30%) increases in air-handler fan power due to these pressure 
changes, the fractional contribution of this fan power increase to the total energy use of the 
HVAC system is probably small (2 to 5%). 

4.3.1.2 Thermal performance of duct systems 
We found that the HVAC systems we tested normally cycled on and off during the 
monitoring periods, with wide variations in on-time fractions. Duct sealing reduced the 
fractional on-time, particularly during the peak demand period (2 p.m. to 8 p.m.). The actual 
magnitude of the reduction attributable to duct sealing is uncertain, due to confounding 
effects of occupancy. However, the reduced on-times imply there is a potential to downsize 
HVAC equipment capacity when the ducts are sealed, while still providing temperature 
control within the occupied space. 

For a set of example cycles, temperature rises along the ducts were about 1 to 2°C (2 to 4°F) 
regardless of duct leakage. We observed some increase in delivery effectiveness (e.g., from 
0.77 to 0.86 for one system) in the post-sealing period. Because of the coupling between on-
time fractions, temperature rises, and delivery effectiveness, we could not positively 
attribute the improvement in delivery effectiveness to duct sealing without auxiliary 
simulations to correct for weather and occupant behavior variations. 

4.3.2 Energy impacts of duct leaks in HVAC systems 

4.3.2.1 Impacts based on measurements 
In general, the hourly energy consumption for the HVAC systems varied over the course of a 
day, from day to day, and from space to space. By simple inspection of the energy use 
profiles, we observed that there were some apparent reductions in HVAC energy usage 
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during the post-sealing period. However, one cannot directly attribute these changes in 
energy use to duct sealing without correcting for the confounding effects of weather and 
operational changes. After eliminating data associated with apparent anomalous operations 
and then correcting for weather effects based on the energy consumption of the control 
spaces, we found significant (20 to 30%) reductions in electricity use after duct sealing, both 
on a daily average and on a peak demand period average basis. The magnitudes of 
reductions in energy and demand are largely attributable to the decrease in duct leakage, but 
are uncertain due to unaccounted operational effects. 

4.3.2.2 Impacts based on ASHRAE Standard 152P analyses 
By incorporating measured air conditions as well as design conditions into ASHRAE 152P 
analyses, we found significant energy savings due to sealing typical duct leaks, on both a 
peak and seasonal basis. The major findings are as follows: 

• For several peak design scenarios (i.e., 152P design and hyper-design), we found that 
potential energy savings due to duct leakage sealing were on the order of 25 to 42%; 

• For the seasonal scenarios, we found that potential energy savings due to duct leakage 
sealing were lower than at peak: on the order of 16 to 29% (9 to 13 percentage points 
lower); 

• For the actual peak and average operating conditions, distribution system efficiency 
increased significantly after duct sealing. Although less severe peak and average weather 
conditions during the post-sealing period contributed partially to the increases in HVAC 
distribution system efficiency, reduced duct leakage was the main driver responsible for 
the considerable increases in distribution system efficiency, and the 18 to 36% energy 
savings. These savings are similar in magnitude to those based on our measurements (20 
to 30%). 

5. CONCLUSIONS 
Our field investigations and analyses of duct leak energy impacts in light commercial 
building spaces with unvented ceiling plenums and insulation located upon the ceiling tiles 
have produced data from which we have drawn our five major conclusions: 

1) There appears to be substantial energy savings associated with sealing typical duct leaks 
in light commercial buildings. We found reductions in relative electricity usage of about 
20 to 30%. 

2) Sealing typical duct leaks reduced the fractional on-time of the HVAC systems that we 
tested, particularly during the peak demand period (2 p.m. to 8 p.m.). The actual 
magnitude of the reduction attributable to duct sealing is uncertain, due to confounding 
effects of occupancy. However, the reduced on-times imply there is a potential to 
downsize HVAC equipment capacity when the ducts are sealed, while still providing 
temperature control within the occupied space. 

3) Sealing typical duct leaks in supply and return duct systems of light commercial 
buildings results in significant increases in distribution system efficiency under cooling 
design conditions as well as under actual summer operating conditions. 
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4) Increases in distribution system efficiency associated with sealing typical duct leaks are 
larger for peak-hour summer conditions (e.g., cooling design peaks, and actual peaks) 
than for normal summer weather conditions (e.g., cooling seasonal design, and average 
weather condition). This indicates that duct sealing can achieve greater energy savings 
during peak hours than during average operating conditions in the summer. 

5) The use of 152P protocols for light commercial buildings must incorporate measurement 
inputs appropriate for the spaces used for ductwork in these types of buildings.. Our 
analyses based upon the limited data obtained from temperature and humidity 
monitoring indicate that measured air parameters deviated significantly from those 
typically used in residential duct systems, and that accurate input of air parameters for 
indoor, outdoor, and ceiling plenum is essential to providing accurate results. 

6. RECOMMENDATIONS 
Through our efforts to assess the potential energy benefits associated with duct sealing, we 
found there is a need to expand the scope of ASHRAE Standard 152P and to develop data to 
support the standard’s use for light commercial buildings. Specifically, these efforts should 
include the following. 

1) Establishing a database of structural and operating characteristics (e.g. insulation 
location, airflows) and boundary conditions surrounding leaky supply and return ducts in 
real light commercial buildings (e.g., ceiling plenum air temperature). 

2) Evaluating energy savings associated with sealing leaky duct systems during the heating 
season, in different climatic regions, and for different types of light commercial 
buildings. 

3) Future work should include not only continuously increasing the database of HVAC 
distribution system characterizations, but should also gather, compile, and document best 
practices for achieving tighter duct systems during their design, manufacturing, and 
installation. 

4) Future work should also examine the impacts of duct leaks on the air quality and comfort 
in conditioned spaces and/or in spaces connected to the occupied spaces. 
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APPENDIX A: ADDITIONAL PHYSICAL CHARACTERISTICS 
Tables A.1 and A.2 list additional physical characteristics of the light commercial building 
spaces and HVAC systems that we studied. Appendix B provides HVAC system operation 
schedules, based on system energy usage as a surrogate for the schedules. 

Table A.1: Additional characteristics of building spaces 

Space-
Related 

Data 
UNIT 

Building space characteristics 
S1 S2 S3* S4* S5* S6* S7* S8 

Building 
space floor 

area 

ft2 1,180 1,180 2,360 1,180 2,360 1,180 

m2 110 110 220 110 220 110 

Occupied 
volume 

ft3 10,620 10,620 21,240 10,620 21,240 10,620 

m3 300 300 600 300 600 300 

Ceiling 
insulation - R33 R33 R33 R33 R33 None 

% of space 
conditioned 100 93 100 100 100 100 

* Shaded cells indicate systems that serve a common building space. 
 

Table A.2: Additional characteristics of HVAC systems 

 
System-Related 

Data 
UNIT HVAC system characteristics 

S1 S2 S3* S4* S5* S6* S7* S8 

Served floor 
area 

ft2 1,180 1,100 1,180 1,180 1,180 1,180 1,180 1,180 

m2 110 100 110 110 110 110 110 110 
Number of units 

in building 
space 

- 1 1 2 1 2 1 

Retrofits - no no no no no no no yes 
No. of supply 

grilles - 3 3 4 3 4 3 3 - 

No. of return 
grilles - 1 1 1 1 1 1 1 - 

* Shaded cells indicate systems that serve a common building space. 
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APPENDIX B: ELECTRICITY USAGE DATA SCREENING 
Our electricity monitoring system collected total HVAC power consumption data on a 
minute-by-minute basis for about two months. The total includes electricity used by the air-
handler fan motor, compressor motor, condensing unit fan motor, and controls. We collected 
data from eight systems: two served our “intervention” spaces where we retrofitted the ducts 
about midway through the study (Systems S1 and S2); the other six served the “control” 
spaces where there was no retrofit (Systems 3 through 8). These “control” systems were 
grouped into two sets: System S8 and Systems 3 through 7. We combined the latter five 
systems, because they serve adjacent spaces connected by normally open doors. 

During our analyses, we screened the electricity usage data to eliminate periods of 
incomplete data or of anomalous actions. For example, we eliminated periods when there 
was a visit by the field crew to download data (incomplete data as a result) or to change duct 
leakage (anomalous action), or when the occupants of a specific space took a vacation 
(anomalous action). The latter two events change the system operation and therefore energy 
consumption. If we had not eliminated energy consumption data associated with these 
periods, these data would bias our duct leakage energy impact analyses. Our screening also 
eliminated periods when data existed for one space and not for another on a specific 
calendar day. This filtering was necessary to preserve coincidence between data for the 
intervention and control spaces. 

The first step in screening the data was to view it graphically on an hourly scale. As a second 
step, we aggregated the data on a 24-hour daily basis, sorted it by day of the week (Monday 
to Sunday), and divided it into two periods: Pre-Sealing and Post-Sealing. Each of these two 
periods is approximately one-month-long. Two other monitoring periods did not undergo 
extensive analysis; each was approximately one-week-long. One preceded the Pre-Sealing 
period (As-Found); the other followed the Post-Sealing period (HVAC Tune-Up). For our 
peak demand savings, we aggregated the energy data only between 2:00 p.m. and 8:00 p.m. 
for the same days selected for the energy savings analysis. This period is the one currently 
used by SMUD to define peak energy use (Vincent 2002). 

Our screening produced a dataset for each pair of intervention-control comparisons: S1 vs. 
S8, S1 vs. S3+S4+S5+S6+S7, S2 vs. S8, and S2 vs. S3+S4+S5+S6+S7. Due to variations in 
data availability from space to space, some of the datasets were longer than other datasets. 
The maximum pre-sealing period was 19 days, and a maximum post-sealing period was 17 
days. Table B.1 shows the calendar days that we used in our analyses. 
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Table B.1: Days Used for Energy Savings and % On-Time Analyses 

Pre- 
Sealing 

S1 
vs. 
S8 

S1 
vs. 

S3+S4+S5+S6+S7 

S2 
vs. 
S8 

S2 
vs. 

S3+S4+S5+S6+S7 

8/1/01 8/1/01 8/1/01 8/1/01 

8/2/01 8/2/01 8/2/01 8/2/01 

8/3/01 8/3/01 8/3/01 8/3/01 

8/7/01 8/4/01 8/6/01 8/4/01 

8/9/01 8/15/01 8/7/01 8/6/01 

8/10/01 8/16/01 8/20/01 8/18/01 

8/15/01 8/17/01 8/22/01 8/20/01 

8/16/01 8/18/01 8/23/01 8/22/01 

8/17/01 8/22/01 8/24/01 8/23/01 

8/22/01 8/23/01 8/27/01 8/24/01 

8/23/01 8/24/01 8/29/01 8/25/01 

8/24/01 8/25/01 8/30/01 8/27/01 

8/29/01 8/29/01 8/31/01 8/29/01 

8/30/01 8/31/01 9/5/01 8/31/01 

8/31/01 9/1/01 9/6/01 9/1/01 

9/5/01 9/5/01 9/7/01 9/5/01 

9/6/01 9/6/01  9/6/01 

9/7/01 9/7/01  9/7/01 

 9/8/01  9/8/01 

Post- 
Sealing 

9/13/01 9/11/01 9/13/01 9/11/01 

9/14/01 9/12/01 9/14/01 9/12/01 

9/19/01 9/13/01 9/17/01 9/13/01 

9/20/01 9/14/01 9/19/01 9/14/01 

9/21/01 9/15/01 9/20/01 9/15/01 

9/25/01 9/19/01 9/21/01 9/17/01 

9/27/01 9/20/01 9/25/01 9/19/01 

9/28/01 9/21/01 9/27/01 9/20/01 

10/2/01 9/22/01 9/28/01 9/21/01 

 9/25/01 10/1/01 9/22/01 

 9/27/01 10/2/01 9/24/01 

 9/28/01  9/25/01 

 9/29/01  9/27/01 

 10/2/01  9/28/01 

   9/29/01 

   10/1/01 

   10/2/01 
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APPENDIX C: HVAC SYSTEM ENERGY USE PROFILES 
The eight spaces that we focused on in our study (Systems 1 through 8) serve various 
commercial functions. Due to differences in loads and occupant behavior from space to 
space, the energy use profiles of the HVAC systems also differ from space to space. 
Furthermore, for any particular space, HVAC operation changes from day to day, depending 
on occupant activity schedules. Figures C.1 through C.8 show hourly energy use profiles for 
the intervention and control spaces during the pre-sealing and the post-sealing phases. We 
generated these profiles for each day of the week by sorting the data according to the hour of 
the day for each day of the week separately, and then calculated the 50th percentile for each 
hour (0 to 23), for each day for each space (or combination of spaces). In every case, weekly 
schedules remained essentially unchanged during the course of our study. 

As Figures C.1 and C.2 show, System S1 operates for almost the same hours, Tuesday to 
Saturday. The system is always on (days and nights), but its energy consumption goes up (as 
the internal loads in the space, and the solar and conduction loads increase) between 8:30 
a.m. and 9:00 a.m. The system stays on during the lunch break time (12:00 p.m. – 1:00 
p.m.). Energy consumption decreases around 8:30 p.m., as the space closes for the day. The 
space served by System S1 is closed on Sunday and Monday. 

Figures C.3 and C.4 show that the operation of System S2 changes from day to day. The 
system is off during unoccupied hours. It starts everyday (Monday to Saturday) between 
9:00 a.m. and 10:00 a.m. It is then shut off for two hours during a lunch break (12:00 p.m. to 
2:00 p.m., and sometimes 1:00 p.m. to 3:00 p.m.). The system then runs during the afternoon 
until 7:00 p.m. on Monday; 8:00 p.m. on Tuesday, Wednesday and Thursday; 6:00 p.m. on 
Friday; and 5:00 p.m. on Saturday. The space served by System S2 is closed on Sunday. 

Figures C.5 and C.6 show that the operation of System S8 starts Monday to Friday as early 
as 8:00 a.m. and as late as 10:00 a.m. The system shuts off at 5:00 p.m. everyday. The space 
served by System S8 is closed on Saturday and Sunday. 
Systems S3+S4+S5+S6+S7 operate Monday to Saturday, as shown in Figures C.7 and C.8. 
Operation starts at varying times between 8:00 a.m. and 10:00 a.m. The systems shut off as 
early as 6:00 p.m. (Saturday) and as late as 10:00 p.m. (weekdays). Consequently, the total 
energy consumption of these five spaces varies from day to day. The spaces served by 
systems S3+S4+S5+S6+S7 are closed on Sunday. 

1/18/2012 199 of 288



 
Figure C.1: 50% percentile energy use, System S1, Pre-Sealing 

 
Figure C.2: 50% percentile energy use, System S1, Post-Sealing 
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Figure C.3: 50% percentile energy use, System S2, Pre-Sealing 

 
Figure C.4: 50% percentile energy use, System S2, Post-Sealing 
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Figure C.5: 50% percentile energy use, System S8, Pre-Sealing 

 
Figure C.6: 50% percentile energy use, System S8, Post-Sealing 
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Figure C.7: 50% percentile energy use, Systems S3+S4+S5+S6+S7, Pre-Sealing 

 
Figure C.8: 50% percentile energy use, Systems S3+S4+S5+S6+S7, Post-Sealing 
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APPENDIX D: DUCT THERMAL PERFORMANCE 

D.1 Supply Air Temperature Trends 
To characterize the thermal performance of the HVAC systems, we monitored air 
temperatures in six locations for each intervention space that we studied: (1) room air near 
thermostat, (2) air exiting the farthest supply grille, (3) air entering the return grille, (4) air in 
the return plenum, (5) air in the ceiling plenum, and (6) air in the supply plenum. 

Figures D.1 through D.6 show the temperature trends for the intervention spaces served by 
Systems S1 and S2. These trends are for an example day in each of three periods: (1) As-
Found, which lasted one week prior to the intervention, (2) Pre-Sealing; approximately one-
month long with leaks added to the ducts, and (3) Post-Sealing; approximately one-month 
long with the added leaks removed and the remaining duct leaks sealed with mastic and 
aerosol techniques. The specific days that we used were: 

• As-Found:  Wednesday, July 25, 2001 for System S1; 
Monday, July 30, 2001 for System S2. 

• Pre-Sealing: Wednesday, August 29, 2001 for both Systems S1 and S2. 

• Post-Sealing: Wednesday, September 19, 2001 for System S1; 
Thursday September 20, 2001 for System S2. 

 

 
Figure D.1: Daily temperature trends, System S1, As-Found 
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Figure D.2: Daily temperature trends, System S1, Pre-Sealing 

 
Figure D.3: Daily temperature trends, System S1, Post-Sealing 

1/18/2012 205 of 288



 
Figure D.4: Daily temperature trends, System S2, As-Found 

 
Figure D.5: Daily temperature trends, System S2, Pre-Sealing 
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Figure D.6: Daily temperature trends, System S2, Post-Sealing 
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D.2 Temperature Rise and Delivery Effectiveness 
The thermal performance of the HVAC system can also be illustrated by choosing an 
example operation cycle that represents the mode of operation of the HVAC system, during 
both pre-sealing and post-sealing periods. Two indices can be calculated for this purpose. 

The temperature rise (cooling) can be found at the end of an on-cycle as follows: 

 PlenumSupplyGrilleSupplyFarthest TTT −−− −=∆  (D.1) 

The delivery effectiveness can be calculated in two ways: (1) instantaneous, and (2) 
cumulative. The instantaneous effectiveness can be calculated at any moment during an on-
cycle, and is an indication of whether the system reaches a steady state during an on-cycle. 
In contrast, the cumulative effectiveness can be calculated for the whole on-cycle and is an 
indication of the change in the effectiveness as a running total of the ratio of energy 
delivered at the supply grille to the energy potential at the supply plenum. The instantaneous 
effectiveness is calculated as follows: 
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The cumulative effectiveness is calculated as follows: 
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For this project, we calculated the instantaneous and cumulative effectiveness using the 
cycle with the longest on time. 

Table D.1 shows the values of the temperature rise, and the instantaneous and cumulative 
effectiveness for the S1 and S2 systems for the as-found, pre-sealing, and post-sealing 
periods. The temperature rise and instantaneous effectiveness values in the table correspond 
to the values at the end of the on-cycle. 

Figures D.7 to D.12 show the instantaneous and cumulative effectiveness of Systems S1 and 
S2 for the as-found, pre-sealing, and post-sealing periods, based on the far supply grille. It is 
also clear in these graphs how the temperature rise in the supply duct (band between supply 
plenum and far supply grille temperatures) decreased during the post-sealing period. It is 
worth noting that the instantaneous effectiveness reached a steady state (constant value) after 
duct sealing. The steady state can be reached while the compressor is still on. After the 
compressor shuts off, with the fan still on, the system actually recovers the energy in the 
cooling coil and ducts and delivers it to the space. The cooling energy recovery continues 
until the moment when the supply plenum and the supply grille temperature become equal to 
the room temperature, corresponding to the maximum cumulative effectiveness. After that 
time, if the compressor does not run, the air distribution system would start heating the 
space.  
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Figures D.13 to D.18 show the temperature rise from the supply plenum to the far grilles for 
Systems S1 and S2, during the as-found, pre-sealing and post-sealing periods. 

Table D.1: Thermal Indices for Systems S1 and S2 

Thermal Indices 
 

HVAC System – S1 HVAC System – S2 

As-Found Pre-Sealing Post-Sealing As-Found Pre-Sealing Post-Sealing 

Temperature Rise 
(°C) 1.3 1.5 1.2 2.3 2.1 1.3 

Instantaneous 
Effectiveness 0.88 0.89 0.89 0.80 0.83 0.90 

Cumulative 
Effectiveness 0.86 0.83 0.87 0.65 0.77 0.86 

Date and Time Jul. 25 2001 
17:48 – 19:01 

Aug. 29 2001 
14:26 – 20:32 

Sep. 19 2001 
17:22 – 18:11 

Jul. 30 2001 
18:03 – 18:16 

Aug. 29 2001 
18:40 – 19:03 

Sep. 20 2001 
17:48 – 18:01 

Day of the Week Wednesday Wednesday Wednesday Monday Wednesday Thursday 

Duration (minutes) 73 366 49 13 23 13 

 

 
Figure D.7: Instantaneous and cumulative effectiveness, System S1, As-found 
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Figure D.8: Instantaneous and cumulative effectiveness, System S1, Pre-sealing 

 
Figure D.9: Instantaneous and cumulative effectiveness, System S1, Post-sealing 
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Figure D.10: Instantaneous and cumulative effectiveness, System S2, As-Found 

 
Figure D.11: Instantaneous and cumulative effectiveness, System S2, Pre- sealing 
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Figure D.12: Instantaneous and cumulative effectiveness, System S2, Post-sealing 

 
Figure D.13:Temperature Rise (Supply Plenum to Far Grille), System S1, As-Found 
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Figure D.14: Temperature Rise (Supply Plenum to Far Grille), System S1, Pre-sealing 

 
Figure D.15: Temperature Rise (Supply Plenum to the Far Grille), System S1, Post-sealing 
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Figure D.16: Temperature Rise (Supply Plenum to Far Grille), System S2, As-Found 

 
Figure D.17: Temperature Rise (Supply Plenum to Far Grille), System S2, Pre-sealing 
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Figure D.18: Temperature Rise (Supply Plenum to Far Grille), System S2, Post-sealing 
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APPENDIX E: PERCENTAGE ON-TIME 
Another index of the performance of a thermal distribution system is the percentage of time 
when the compressor and fans are running. Sealing duct leaks reduces the cooling energy 
wasted in the ceiling plenum. In turn, the thermostat is more likely to be satisfied sooner by 
the increased cooling supplied to meet the space-cooling load. A decrease in the % On-Time 
would therefore be achieved as a consequence of duct sealing (if the change alters 
equipment cycling; a system with insufficient capacity to meet space cooling loads in either 
case will not cycle). 

The % On-Time is calculated by summing the total time that these devices are on during a 
day and dividing it by twenty-four hours. In particular, we calculated the % On-Time as an 
average for all days with clean data within a specific period (pre-, post-sealing). The days 
considered for the % On-Time analysis are the same days considered for the energy savings 
analysis discussed in the body of this report and listed in Appendix B. 

In analyzing the % On-Time changes (and the energy savings) associated with sealing the 
ducts, one needs to calculate the average consumption for each period (pre- and post-
sealing). The average for all days within the period (after the data set is screened) might be 
determined as follows: 
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However, this approach will produce a bias in the average if the pre and post period used in 
the analysis are formed from different combinations of occupancy-pattern-days. For 
instance, if the pre-sealing period for System S1 had 20 days including 3 Fridays and 4 
Saturdays, and the post-sealing period had 18 days including 2 Fridays, and 1 Saturday, then 
Saturday would be weighted by 4/20 in the pre-sealing period and by 1/18 in the post-
sealing period. To be able to compare the pre- and post-sealing periods for the % On-Time 
and energy savings analysis, an equal weight for each day of the week is required, in each of 
the periods (pre-sealing and post-sealing). This can be assured by using the following 
equation for the calculation of averages: 
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Equation E.2 causes each day of the week to be dealt with separately to account for 
operational changes from day to day (e.g., lunch breaks, leaving early in the evenings), and 
is especially necessary in the calculations when the same number of days of the week in a 
data set is not available. 

A reduction in the % On-Time in the post-sealing period could be partially attributed to a 
change in weather, since the post-sealing period took place in September with milder 
temperature than that during the pre-sealing period in August. Therefore, in our analyses, we 
corrected the reduction in % On-Time by multiplying them with a corresponding weather 

1/18/2012 216 of 288



correction factor. The weather correction factor is found by considering the % On-Time of 
the control spaces with Systems S8, and S3+S4+S5+A6+S7, during the same calendar days 
for which the % On-Time for Systems S1 and S2 are calculated. The correction factor is 
calculated by averaging the % On-Time for the control space for all days of the post-sealing 
period together, and for all days of the pre-sealing period and finding the ratio, post-sealing 
over pre-sealing. 

 

Space Pre-Sealing Post-Sealing 
Control n days m days 

Intervention n days m days 
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The weather-corrected reduction in % On-Time for the intervention spaces is: 
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Tables E.1 and E.2 summarize the % On-Time results for the pre-sealing, and post-sealing 
periods for Systems S1 and S2, corresponding to the energy savings analyses that are 
discussed in the body of the report. 
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Table E.1: Daily Average % On-Time for Systems S1 and S2 

HVAC System S1 S2 
HVAC Control 

System S8 S3+S4+S5+S6+S7 S8 S3+S4+S5+S6+S7 

Period Pre-
sealing 

Post-
sealing 

Pre-
sealing 

Post-
sealing 

Pre-
sealing 

Post-
sealing 

Pre-
sealing 

Post-
sealing 

% On-Time 47% 36% 46% 37% 19% 12% 16% 11% 
Weather 

Correction Factor 0.80 0.75 0.85 0.79 

Weather-
Corrected 

Reduction in 
% On-Time 

9% 7% 6% 4% 

 

Table E.2: Peak Demand Period Average % On-Time for Systems S1 and S2 

HVAC System S1 S2 
HVAC Control 

System S8 S3+S4+S5+S6+S7 S8 S3+S4+S5+S6+S7 

Period Pre-
sealing 

Post-
sealing 

Pre-
sealing 

Post-
sealing 

Pre-
sealing 

Post-
sealing 

Pre-
sealing 

Post-
sealing 

% On-Time 87% 71% 83% 70% 48% 33% 40% 28% 
Weather 

Correction Factor 0.99 0.74 1.02 0.74 

Weather-
Corrected 

Reduction in 
% On-Time 

16% 10% 16% 9% 
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APPENDIX F: ASHRAE 152P ANALYSIS INPUT PARAMETERS 

Table F.1: Main input parameters for ASHRAE 152P predictions 

Parameters Input Notes 

Duct location Ceiling plenum 100% 

Duct insulation Measured R 4.2 

Duct surface area Measured Varies 

Air handler fan flow Measured Varies 

Duct leakage airflow Measured Varies 

Equipment capacity Estimated 3 Ton 

Conditioned space volume, and 
condition floor area 

Measured 10,620 ft3 

1,180 ft2 

Venting condition of ceiling 
plenum 

Unvented Fixed 

Ceiling, wall, and roof insulation Estimated Fixed 

Indoor dry-bulb air temperature Design 25.5°C (78°F) vs. Measured 
at the return grille 

Varies 

Indoor air humidity Design value vs. Measured at the 
return grille Varies 

Indoor air enthalpy Design value vs. Measured at the 
return grille Varies 

Outdoor dry-bulb air temperature  Peak design, hyper-design, seasonal 
design, and actual conditions for 
pre- and post-sealing days 

Varies 

Outdoor air humidity Design, hyper-design, seasonal 
design, and actual conditions for 
pre- and post-sealing days 

Varies 

Outdoor air enthalpy Design, hyper-design, seasonal 
design, and actual conditions for 
pre- and post-sealing days 

Varies 
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Table F.2: Air temperatures, humidities, and enthalpies under actual operating conditions 

Input 
Parameters 

Outdoor air S1 Indoor Air S2 Indoor Air 

Pre-sealing Post-sealing Pre-sealing Post-sealing Pre-sealing Post-sealing 

Temperature 
(°F) 

Peak 96.3 88.4 75.6 74.8 76.5 75.4 

Ave. 74.5 70.3 74.4 74.4 75.9 74.4 

Humidity 
Ratio 

(lbm H2O / 
lbm dry air) 

Peak 0.0071 0.0078 0.0084 0.0079 0.0086 0.0083 

Ave. 0.0083 0.0085 0.0074 0.0082 0.0083 0.0075 

Enthalpy 
(Btu / 

lbm dry air) 

Peak 30.9 29.8 27.4 26.6 27.8 27.2 

Ave. 26.9 26.1 25.9 26.8 27.3 26.1 
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Field Investigation of Duct System Performance in California Light Commercial 
Buildings (Round II) 

Wm. Woody Delp, Nance E. Matson, Darryl J. Dickerhoff, and Mark P. Modera, Lawrence 
Berkeley National Laboratory, Berkeley, CA 

ABSTRACT 

Light commercial buildings, one- and two-story with package roof-top HVAC units, make up 
approximately 50% (of the number of buildings) of the non-residential building stock in the U.S. 
Despite this fact little is known about the installed performance of these package roof-top units and 
their associated ductwork. These simple systems use similar duct materials and construction techniques 
as residential systems (which are known to be quite leaky). This paper discusses a study to characterize 
the buildings, quantify the duct leakage, and analyze the performance of the ductwork in these types of 
buildings. 

Over the 1996 and 1997 cooling seasons, this study tested twenty-five packaged roof-top 
systems in sixteen different buildings located in northern California. All of these buildings had the 
ducts located in the cavity between the drop ceiling and the roof deck. In 30% of these buildings, this 
cavity was functionally outside both the building’s air and thermal barriers. The effective leakage area 
of the ducts in this study was nearly 3 times that in California residential buildings [ELA25 (cm’/m’ 
floor area) 3.7 for light-commercial compared to 1.3 for residential]. For these systems, the average 
supply-side leakage rate was 26% of the system flow rate. 

This paper looks at the thermal analysis of the ducts, from the viewpoint of supply 
effectiveness. Conduction effectiveness gauges the fraction of the capacity available at the supply-air 
plenum that is delivered to a supply-air register. Effectiveness calculations are done on a register basis 
and include the length of a cycle, and whether the fan is always on or if it cycles with the cooling 
equipment. Combining effectiveness and leakage numbers yields delivery efficiency. The ten systems 
tested in 1997 had an average delivery efficiency of 65%. 

Introduction 

Light commercial buildings, primarily one- and two-story buildings with individual HVAC 
package roof-top units serving floor areas less than 10,000 ft’, make up a significant portion (50% of 
the number of buildings) of non-residential building stock in the U.S. and California (CBECS, 1995). 
Commercial retail strip-malls are among the largest percentage of light commercial buildings. This 
stock also consists of offices, restaurants and professional buildings. 

It is common knowledge in the construction industry that first-cost dominates construction 
practices in these buildings. This potentially leads to short-cuts in construction practices and/or using 
lower grade materials (in the case of duct work this shows up as sloppy connections, and the use of low 
grade duct tapes). These short-cuts (along with lack of maintenance) often result in buildings that 
appear visually distressed five to ten years after they are built; moisture damage due to leaky roofs, and 
uncontrolled infiltration are the most common visual indicators of problems. The buildings use 
constant air-volume (CAV) package roof-top units for HVAC, and as with the buildings, if not to a 
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greater degree, first-cost dominates (in the buildings visite:d), with the same potential problems of poor 
construction practice and/or lower grade materials. 

Slowly the industry and research community are acknowledging that duct-work in residential 
HVAC systems leak, often in excess of 25% of the rated flow (Jump, et al., 1996). Roof-top units in 
commercial buildings use the same duct-work and installation techniques as residential systems 
(combinations of sheet-metal, duct-board, and flex-duct). Considering construction standards and 
practices, it would be a surprise if ducts in small commercial systems did not leak. The industry 
acknowledges that the ducts “may” leak, but since, in commercial buildings, the ducts are largely inside 
the building, there has been little interest in their performa.nce, and in quantifying the extent and the 
impact of duct leakage. While the ductwork may be physically inside the building, inside the ceiling 
cavity, this cavity is often outside the building’s thermal and air barrier. Thus ducts in many light- 
commercial buildings are subject to the same loss mechanisms as residential ducts located in attics. 

Other Work 

Researchers have recently documented the leakage characteristics of residential ducts 
([Andrews 19961, [Andrews and Modera 19921, [Jump et al 19961, [Modera 19931, [Palmiter and 
Francisco 19941). This study uses California residential data obtained at Lawrence Berkeley National 
Laboratory (LBNL) for various studies (Jump, et al., 1996). Delp et al documented the 1996 portion of 
this work (Delp et al, 1998). Other than anecdotal evidence, the only other significant work in the area 
of small commercial systems is from the Florida Solar Energy Center (FSEC). FSEC looked at the 
entire building envelope in a study titled “Uncontrolled Air Flow in Non-Residential Buildings” 
(Cummings, et. al., 1996). Their primary concern was with uncontrolled flow across the building 
envelope. They did envelope leakage studies in 70 light-commercial buildings, and duct leakage 
measurements in 43 of these buildings. 

Goals 

The goals for this current study fell in three basic areas: building and HVAC system 
characterization, duct leakage, and duct thermal losses. Characterization involved identifying unit 
sizes, occupied areas, and the location of the thermal and air barriers. Duct leakage information came 
from direct pressurization effective leakage area measurements, yielding the effective leakage area. 
Information on thermal losses came from single-day temperature monitoring (6- 12 hours of 
monitoring), yielding conduction effectiveness. 

Methods 

Building selection consisted of buildings with package roof-top cooling systems, whose 
owners/occupants were willing to cooperate with the study. All of the buildings in this study were 
occupied, which meant working around the schedules of the occupants. This required the tests to be as 
non-intrusive as possible, and consisted of three distinct parts: walk-through characterization, leakage 
and flow measurements, and thermal measurements. 

Over the 1996 and 1997 cooling seasons there were sixteen buildings involved in the current 
study. Three of which were separate LBNL office spaces in buildings of differing ages and construction 
practices. The remainder were: three Stockton area office buildings, five office spaces located in 
Sacramento, a shoe repair store located in a Sacramento area strip-mall, two Sacramento area libraries, 
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a health food store in Marin county, and a Marin county gymnastics facility. In total, twenty-five CAV 
HVAC systems in these sixteen buildings were tested. 

Walk-Through Information 

A simple walk-through with the occupants yielded most of the characterization information. 
Major items of importance were the name plate information on the HVAC equipment, duct material 
and location, building thermal barrier, and building air barrier. Other items such as occupancy 
schedules, internal loads, etc. were obtained by filling out a questionnaire with the building occupants. 

Leakage Measurements 

Effective leakage area (ELA) is an abstraction that represents an equivalent size orifice that has 
the same flow as the leaks in the system for a given pressure. This study measured effective leakage 
areas using a modified duct pressurization method, as described by Delp et al [Delp et al 19981. The 
method uses a single set-up to measure the combined leakage area of both the supply and return duct 
systems. The calibrated fans used in this study have an uncertainty of +3% of the reading, and the 
pressure gauges &l. 1 Pa. Randomly applying these uncertainties to the measured values should yield an 
uncertainty in the calculated combined ELA of not greater than +.5%. 

Thermal Measurements 

This study used small, battery-operated self-contained thermistor/loggers for all the thermal 
measurements. These thermistor/loggers have a resolution and accuracy of approximately 0.2’C, and 
store 1,800 data points. This resolution and accuracy leads to &3% uncertainty in effectiveness 
calculations. The loggers have a delayed start feature, allowing them to be left in place to start 
simultaneously at a pre-determined date. We collected the following temperatures: outside air, ceiling 
cavity, room, supply plenum, and at least one supply regisr.er. 

Results 

Results are presented in three primary sections: building and HVAC characteristics, duct 
leakage area, and conduction losses. 

Building and HVAC Characterization 

Figure 1 shows the floor area versus the unit size, for both the LBNL and the FSEC data sets. 
The important point here is the floor area served by each unit. This figure shows that the California 
(LBNL) buildings are similar to those in Florida (FSEC). Light-commercial buildings frequently have a 
greater load density (ton/ft*) than single-family residential homes, due to internal loads such as 
equipment, lights, and people. Unfortunately with many light-commercial buildings accurate load 
information is not available during design, and contractors/engineers resort to a rule-of-thumb 
approach to equipment selection, often resulting in oversized equipment. (Less than half of the systems 
tested had any plans.) It is worth noting the values in the figures are installed capacities, and do not 
necessarily correspond to actual space loads. 
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Figure 1. Floor area -vs- unit size: using the 1996 and 199’7 LBNL and FSEC (CumminLs, et al., 1996) 
commercial data along with residential (Jump, et al., 1996) summary information. The FSEC unit size 
is derived from the total installed capacity in the building divided by the number of units. 

The twenty-five systems had an average unit size of 4.9 tons, this compares with the FSEC 
data of 4.5 tons, and the residential of 2.9 tons (Jump, et al ., 1996). 

The average floor area served by each unit was 1575 ft* for the current study, 1,400 ft* for the 
FSEC buildings, and 1,800 ft* for the residential buildings. Since the area served by each commercial 
unit is smaller than residential, and the units have a greater capacity, commercial buildings have larger 
units on a floor area basis than residential buildings. The commercial buildings averaged between 325 
and 340 ft2/ton while the California residential buildings averaged 570 ft*/ton. Assuming duct loss 
mechanisms scale with capacity, this indicates light-commercial buildings potentially have greater duct 
losses on a building floor area basis than residential buildings. 

In order to understand the dynamics of duct losses, details of the building need to be 
determined. Figure 2 summarizes many of the characterization details pertaining to the buildings. All 
the buildings had a drop ceiling with the duct runs in the ceiling cavity. Because of this, two critical 
building details are the location of the thermal and the air barrier. Fifty percent of the buildings had 
insulation placed at the roof deck, 38% on the ceiling tiles., and the remainder had insulation at both 
locations. Thirty eight percent of the buildings had a directly vented ceiling cavity. In these buildings, 
the lay-in acoustical ceiling tiles formed the major air barrier. In 56% of the buildings the primary 
thermal barrier was at the ceiling tiles, which implies that the ducts are entirely outside the conditioned 
space. In 25% of the buildings the ceiling cavity acted like a buffer zone, with the temperature floating 
between the room and outside temperatures. With these buildings, the thermal barrier is in-between the 
roof and ceiling. In the remainder of the buildings the thermal barrier was at the roof, however even in 
these buildings, the ceiling cavity temperature was slightly higher than the room. 
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Figure 2. Building thermal and an barrier characterization for the 1996 and 1997 LBNL commercial 
buildings. 

Figure 3 summarizes HVAC unit characterization details. Duct material fell into two basic 
types (both with some insulation): all metal trunk-and-branch, and flex-octopus (flexible duct with 
individual ducts running in as straight as line as possible to the register from the plenum). 52% of the 
systems had all metal ducts, while the remainder had some: form of flex-octopus. There are two types of 
basic ductwork configurations found with the typical light-commercial package roof-top unit: bottom 
discharge, and side discharge. Bottom-discharge eliminates ductwork exposed outside since it 
penetrates the roof directly under the unit. The typical side-discharge installation includes 90’ elbows 
directly off the unit, ideally cutting down on the amount of duct exposed on the roof. Economics and 
local practice govern which method is used. Bottom discharge units require the use of a special curb to 
support the unit, while side discharge units typically use a field-fabricated platform for the unit. 40% of 
the HVAC units had bottom-discharge ductwork, while the remainder used a side-discharge 
arrangement. 

Air side economizers minimize cooling energy use when it is cooler outside than inside. Fifty 
six percent of the units had some sort of economizer; however, they were not checked for functionality. 
Only 16% of the units had functioning minimum outside air (either an intentional opening in the return 
duct directly to outside, or a minimum setting on the economizer). All of the others either had no 
outside air provisions, or had the dampers permanently shut. 
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Figure 3. Characterization of HVAC unit details for the 1996 and 1997 LBNL commercial buildings. 

Leakage Area of the Duct Systems 

The main emphasis of the current study was to measure the leakage area of the ducts. There are 
several ways to compare the systems to each other, and to other data sets. The goal of comparison is to 
find a way to normalize the data, making direct comparison of different systems possible. 

Figure 4 shows the combined leakage area (ELA& versus the unit size for both commercial 
data sets. The data have a large spread in values. The dashed lines in the figure represent the 95% 
confidence interval for a linear regression on the combined. LBNL data sets. This interval is the region 
where there is a 95% confidence in the predicted value. By observation, the LBNL and the FSEC 
leakage values fall in the same broad general range for any given unit size. Normalizing leakage area 
with the unit size (cm’/ton) does not yield a constant due to the large spread in values. However, the 
residential and FSEC commercial data sets had similar average values for leakage area per ton 
(cm*/ton), while the LBNL (both 96 and 97) commercial buildings had -30% higher average value, 
possibly due to a greater spread in the data. 
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Figure 4. Combined leakage area (ELA25) -vs- unit size using the 1996 and 1997 LBNL and FSEC 
(Cummings, et al., 1996) commercial data along with residential (Jump, et al., 1996) summary 
information. Combined leakage area includes both supply and return leakage. The FSEC unit size is 
derived from the total installed capacity in the building divided by the number of units. 

Figure 5 shows the combined leakage area (ELA25) versus the floor area for both commercial 
data sets. Again, the data show a large spread in values. The dashed lines in the figure represent the 
95% confidence interval for a linear regression on the comlbined LBNL data sets. The LBNL data 
grouping is similar to, and slightly higher than, the FSEC data. As an order of magnitude estimator on a 
larger stock of buildings, in residential work, it is common to present building envelope leakage results 
by normalizing leakage area with floor area (cm*/m*). The average cm*/m’ in the LBNL data set was 
2.8 times that of the residential data, while the FSEC data was just over 2 times the residential. These 
data suggest that light-commercial duct systems leak air at a rate much greater than residential systems, 
for any given floor area. 
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Figure 5. Combined leakage area (ELA25) -vs- floor area using the 1996 and 1997 LBNL and FSEC 
(Cummings, et al., 1996) commercial data along with residential (Jump, et al., 1996) summary 
information. Combined leakage area includes both supply and return leakage. 

Figure 6 has taken the normalized combined ELA2j effective leakage areas (normalized by 
equipment capacity, floor area, and the number of registers; ELA/ton, ELA/m*, and ELA/reg) and 
further normalized these values by dividing by the average of the initial normalized value. A value of 1 
is then the average of the sample. These twice-normalized values are plotted against a subjective 
opinion of the condition of the equipment/ductwork. This opinion was that of the researchers and was 
based on visual clues such as damaged ducts, damaged HVAC cabinets, the presence of mastic, and the 
general appearance above the ceiling cavity. The possible ratings were poor, fair, good, very good, and 
excellent. Regardless of the normalization value chosen, the figure shows that the researchers did not 
do a very good job of predicting which systems had a high ELA25. 
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Figure 6. Normalized total effective leakage area (ELA& vs. a subjective opinion of the condi 
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Ion of 
the HVAC unit and its duct system, using the 1996 and 1997 LBNL light-commercial data. Total 
effective leakage area includes both supply and return leakage. The normalized values (ELA/ton, 
ELA/m*, and ELA/reg) are further normalized by dividing by the appropriate average of the normalized 
values. 

Table 1 shows the summation of all the register and fan flows. The average leakage using both 
1996 and 1997 data sets was 26% on the supply side. The total return-side flow was lower than the 
total supply-side flow due to the introduction of outside air in many of the systems (only 61% of the 
fan flow was through the registers; the rest was from return leaks and outside air). 

Table 1. Summation of all register and fan flows using both 1996 and 1997 LBNL light-commercial 
data. The total floor area was 34,885 ft”. 

cfm cfm/ft2 
Sum of Supplies 32,102 0.92 
Sum of Returns 26,283 0.75 
Sum of Fan Flows 43,386 1.24 
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Conduction Losses 

For this work, conduction losses are defined as combined thermal duct losses. These losses 
include conduction, convection, radiation, and thermal-cycling. The magnitude of conduction losses 
was investigated in terms of “conduction effectiveness,” which for this study concerns sensible losses 
only. Delp et al describe the analysis method and loss mechanisms in detail (Delp et al 1998). 
Conduction effectiveness gauges the fraction of the capacity available at the supply-air plenum that is 
delivered to a supply-air register. Neglecting leakage, it is the ratio of the delivered capacity at the 
registers to the potential capacity at the plenum (1). 

Es., (4 = 
Delivered Capacir), at Register i L7K.i (t)- Tn?,ni (4 
Potential Capacity at the Plenum = &wJl (t>- Tr00, (4 

(1) 

Where: 

&.s.i(') ' Conduction effectiveness for register i at time t 

Tq,, (4 : Register i temperature at time t 

Lm*(t) : Room temperature at time t 

Tplenum (4 : Supply plenum temperature at time t 
The total supply effectiveness E,~ is the sum of the individual effectivenesses for each register weighted 
by the airflow mass fraction for that register (2): 

E., =c _m, E,,, 
i i’ I 

m fm 

Where: 

m; : Flow rate at register i 
mpln : Flow rate through the system fan 
A similar conduction effectiveness approach works for the return duct system. Return duct 

losses in a cooling system tend to raise the temperature of the air; therefore, the return effectiveness is 
the ratio of the minimum energy required to condition the space to the actual energy required to 
condition the space (3). 

T - Tr”,,, E ~ Minimum Energy .supply plrnunr 
r Actual Energy = Twppl~ plmum - Ttwum plrnun1 

Delivery efficiency, the ratio of the delivered capacity at the registers to the energy put into the 
duct system, is the number in which we are ultimately interested. Due to return-side losses (heat gains 
in cooling mode), the energy put into the system will not always correspond to the potential capacity at 
the plenum. Delivery efficiency is the product of the supply and return effectivenesses (4): 
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r7 
= Delivered Capacity at the Registers = E 

de1 - Actual Energy put into the Ducts ’ 
E 

r 
(4) 

Table 2 summarizes the thermal measurements in the 1997 buildings. Average on-times ranged 
from 20- 100%. The total supply effectiveness is based on a flow weighted average of the registers 
measured, multiplied by the assumed fraction of air reaching the registers (one minus the assumed 
leakage). The return effectiveness is calculated assuming (a) that there is no leakage in the return air 
ductwork and (b) that the conduction loss in the return ductwork is half that of the supply ductwork. 
Rounded up to the nearest 5%, the average of these calculated delivery efficiencies was 65%. Average 
temperature rises at the end of an on-cycle (from the plenum to a register) ranged from 0.2 to 3aC. 

Table 2. Summary of 1997 LBNL Light-Commercial Building Thermal Measurements 

n/a n/a n/a 1 0.3 1.8 1 2.5 1 n/a 1 4.5 n/a 1.0 1 

: ‘ 1 2.2 0.8 0.3 0.6 0.6 1 .I 

Summary and Conclusions 

Each of the twenty-five systems in the sixteen buildings in the current study had at least one of 
the following problems: torn and missing external duct wrap, poor workmanship around duct take-offs 
and fittings, disconnected ducts, and improperly installed duct mastic. Where there was ceiling tile 
insulation, installation was, at best, very uneven. Visual indicators alone are not good at identifying 
poor systems. While systems that appeared poor usually had high ELA25’s, the systems with the highes 
ELAzs’s looked, upon initial inspection, like good systems. On a floor area basis, the light-commercial 
buildings (both in Florida and California) have duct ELAzs’s nearly three times as high as California 
residential buildings. Furthermore, these ducts are located outside the conditioned space, and often 
outside the building’s air barrier. 

Effectiveness calculations allow investigation of duct system thermal losses. Combined with 
leakage information these calculations provide the duct system delivery efficiency. The delivery 
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efficiency in these buildings averages approximately 65%. These low efficiencies are due to the 
multiplicative effects of leakage and conduction losses. 

This study did not attempt to quantify the amount of outside air entering each building. 
However, observations made during the characterization phase of this project suggests the buildings 
visited in this study will have very low quantities of outside air. 

A relatively small data set (in California and Florida) forms the basis for these conclusions; 
additional data are needed to better characterize this large national stock of buildings. Understanding 
duct-system performance requires both leakage and thermal loss information. Thermal measurements 
require sufficient time resolution to capture transient information. We have plans to continue with this 
characterization and leakage measurement work by testing additional systems, along with gathering 
more complete (multiple registers, and sufficient time resolution) thermal data. 
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ABSTRACT 
The purpose of this study is to evaluate the variability of duct leakage impacts on air distribution 
system performance for typical large commercial buildings in California. Specifically, a hybrid 
DOE-2/TRNSYS sequential simulation approach was used to model the energy use of a low-
pressure terminal-reheat variable-air-volume (VAV) HVAC system with six duct leakage 
configurations (tight to leaky) in nine prototypical large office buildings (representing three 
construction eras in three California climates where these types of buildings are common). 
Combined fan power for the variable-speed-controlled supply and return fans at design 
conditions was assumed to be 0.8 W/cfm. 

Based on our analyses of the 54 simulation cases, the increase in annual fan energy is estimated 
to be 40 to 50% for a system with a total leakage of 19% at design conditions compared to a tight 
system with 5% leakage. Annual cooling plant energy also increases by about 7 to 10%, but 
reheat energy decreases (about 3 to 10%). In combination, the increase in total annual HVAC 
site energy is 2 to 14%. The total HVAC site energy use includes supply and return fan 
electricity consumption, chiller and cooling tower electricity consumption, boiler electricity 
consumption, and boiler natural gas consumption. 

Using year 2000 average commercial sector energy prices for California ($0.0986/kWh and 
$7.71/Million Btu), the energy increases result in 9 to 18% ($7,400 to $9,500) increases in 
HVAC system annual operating costs. Normalized by duct surface area, the increases in annual 
operating costs are 0.14 to 0.18 $/ft2. Using a suggested one-time duct sealing cost of $0.20 per 
square foot of duct surface area, these results indicate that sealing leaky ducts in VAV systems 
has a simple payback period of about 1.3 years. Even with total leakage rates as low as 10%, 
duct sealing is still cost effective. This suggests that duct sealing should be considered at least for 
VAV systems with 10% or more total duct leakage. 

The VAV system that we simulated had perfectly insulated ducts, and maintained constant static 
pressure in the ducts upstream of the VAV boxes and a constant supply air temperature at the air-
handler. Further evaluations of duct leakage impacts should be carried out in the future after 
methodologies are developed to deal with duct surface heat transfer effects, to deal with airflows 
entering VAV boxes from ceiling return plenums (e.g., to model parallel fan-powered VAV 
boxes), and to deal with static pressure reset and supply air temperature reset strategies. 
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EXECUTIVE SUMMARY 
Introduction. Despite the potential for significant energy savings by reducing duct leakage or 
other thermal losses from duct systems in large commercial buildings, California Title 24 has no 
provisions to credit energy efficient duct systems in these buildings. A substantial reason is the 
lack of readily available simulation tools to demonstrate the energy saving benefits associated 
with efficient duct systems in large commercial buildings. A related reason is that, although 
substantial energy increases due to duct leakage have been identified by recent field work and 
simulations, the variability of these impacts for the different building vintages and climates in 
California has not been established. 

Purpose. The overall goal of the Efficient Distribution Systems (EDS) project within the PIER 
High Performance Commercial Building Systems Program is to bridge the gaps in current duct 
thermal performance modeling capabilities, and to expand our understanding of duct thermal 
performance in California large commercial buildings. As steps toward this goal, our strategy in 
the EDS project involves two parts: 1) developing a whole-building energy simulation approach 
for analyzing duct thermal performance in large commercial buildings, and 2) using the tool to 
identify the energy impacts of duct leakage in California large commercial buildings, in support 
of future recommendations to address duct performance in the Title 24 Energy Efficiency 
Standards for Nonresidential Buildings. 

Objectives. The specific technical objectives for the EDS project were to: 

1. Identify a near-term whole-building energy simulation approach that can be used in the 
impacts analysis task of this project (see Objective 3), with little or no modification. A 
secondary objective is to recommend how to proceed with long-term development of an 
improved compliance tool for Title 24 that addresses duct thermal performance. 

2. Develop an Alternative Calculation Method (ACM) change proposal to include a new 
metric for thermal distribution system efficiency in the reporting requirements for the 
2005 Title 24 Standards. The metric will facilitate future comparisons of different system 
types using a common “yardstick”. 

3. Using the selected near-term simulation approach, assess the impacts of duct system 
improvements in California large commercial buildings, over a range of building vintages 
and climates. This assessment will provide a solid foundation for future efforts that 
address the energy efficiency of large commercial duct systems in Title 24. 

This report presents findings and recommendations that resulted from our modeling efforts 
related to duct thermal performance (Objective 3). 

Outcomes. There are two principal outcomes from the work reported here: 

Uniformity of Duct Leakage Impacts: A hybrid DOE-2/TRNSYS sequential simulation approach 
was used to model the energy use of a low-pressure terminal-reheat variable-air-volume HVAC 
system with six duct leakage configurations (tight to leaky) in nine prototypical large office 
buildings (representing 1980s, 1990s, and 2005 construction eras in three California climates 
where these types of buildings are common – Oakland, Pasadena, and Sacramento). Combined 
fan power for the variable-speed-controlled supply and return fans at design conditions was 
assumed to be 0.8 W/cfm. 

Based on our analyses of the 54 simulation cases, we conclude that there can be substantial 
energy impacts due to duct leakage in this type of building. This finding is consistent with recent 
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field measurements in a large office building in Sacramento. Our analyses indicate that a leaky 
VAV system (19% total duct leakage) will use about 40 to 50% more fan energy annually than a 
tight system with 5% leakage. Annual cooling plant energy also increases by about 7 to 10%, but 
reheat energy decreases (about 3 to 10%). In combination, the increase in total annual HVAC 
site energy is 2 to 14%. The total HVAC site energy use includes supply and return fan 
electricity consumption, chiller and cooling tower electricity consumption, boiler electricity 
consumption, and boiler natural gas consumption. 

Using year 2000 average commercial sector energy prices for California ($0.0986/kWh and 
$7.71/Million Btu), the energy increases result in 9 to 18% ($7,400 to $9,500) increases in 
HVAC system annual operating costs. Our simulations also indicate that climate and building 
vintage differences do not cause significant variability in duct leakage impacts on fan energy use 
or on operating cost for leaky duct systems. This suggests that a single duct leakage threshold 
could be developed for use in the Title 24 prescriptive compliance approach and would not need 
to be climate or building age specific. 

Duct Sealing is Cost Effective: Normalized by duct surface area, the increases in HVAC system 
annual operating costs are 0.14 to 0.18 $/ft2 for the 19% leakage case. Using a suggested one-
time duct sealing cost of $0.20/ft2 of duct surface area, these results indicate that sealing leaky 
ducts in VAV systems has a simple payback period of about 1.3 years. Even with total leakage 
rates as low as 10%, duct sealing is still cost effective. This suggests that duct sealing should be 
considered at least for VAV systems with 10% or more total duct leakage. 

Recommendations. Before duct performance in large commercial buildings can be accounted 
for in Title 24 nonresidential building energy standards, there are several issues that must be 
addressed and resolved. These include: 

1. Specifying reliable duct air leakage measurement techniques that can be practically 
applied in the large commercial building sector. 

2. Defining the duct leakage condition for the standard building used in Title 24 compliance 
simulations. 

3. Assuring consistency between simulated duct performance impacts and actual impacts. 

4. Developing compliance tests for the Alternative Calculation Method (ACM) Approval 
Manual (CEC 2001b) to evaluate duct performance simulations. 

Three additional steps will be required to further develop duct-modeling capabilities that address 
limitations in existing models and to initiate strong market activity related to duct system 
improvements. We recommend that these steps include: 

1. Implementing duct models in user-friendly commercially-available software for building 
energy simulation, validating the implementations with case studies and demonstrations, 
and obtaining certification for software use as a primary or alternative compliance tool in 
support of the Title 24 Nonresidential Standards. 

2. Developing methodologies to deal with airflows entering VAV boxes from ceiling return 
plenums (e.g., to model parallel fan-powered VAV boxes), to deal with duct surface heat 
transfer effects, and to deal with static pressure reset and supply air temperature reset 
strategies. 

3. Transferring information to practitioners through publications, conferences, workshops, 
and other education programs. 
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1. INTRODUCTION 

1.1 Background 
Previous research suggests that duct systems in California commercial buildings suffer from a 
number of problems, such as thermal losses due to duct air leakage. For example, measurements 
by Diamond et al. (2003) in a large commercial building confirmed predictions by Franconi et al. 
(1998) that duct leakage can significantly increase HVAC system energy consumption: adding 
15% duct leakage at operating conditions leads to a fan power increase of 25 to 35%. Diamond et 
al. also estimated that eliminating duct leakage airflows in half of California’s existing large 
commercial buildings has the potential to save about 560 to 1,100 GWh annually ($60-$110 
million per year or the equivalent consumption of 83,000 to 170,000 typical California houses), 
and about 100 to 200 MW in peak demand. 

California Title 24, Part 6 (CEC 2001a) is one of the most advanced energy codes in the United 
States. The impacts of duct thermal performance in residences are already addressed by Title 24 
compliance procedures; duct-system energy efficiency requirements have recently been added 
for small commercial buildings with individual packaged equipment serving 5,000 ft² or less 
where ducts are located in spaces between insulated ceilings and the roof, or outside the building; 
and new requirements for duct performance in other small commercial buildings are being 
developed. However, despite the potential for significant energy savings by reducing thermal 
losses from duct systems in large commercial buildings, Title 24 has no provisions to credit 
energy efficient duct systems in these buildings. A substantial reason is the lack of readily 
available simulation tools to demonstrate the energy saving benefits associated with efficient 
duct systems in large commercial buildings. A related reason is that, although substantial energy 
increases due to duct leakage have been identified, the variability of these impacts for the 
different building vintages and climates in California has not been established. 

1.2 Project Objectives 
The work reported here is part of the Efficient Distribution Systems (EDS) project within the 
PIER High Performance Commercial Building Systems Program. The EDS project goal is to 
bridge the gaps in duct system modeling capabilities, and to expand our understanding of duct 
thermal performance in California’s large commercial buildings, by following through on the 
strategy outlined by Xu et al. (1999). As steps toward this goal, the project involves three 
specific technical objectives: 

1. Identify a near-term whole-building energy simulation approach that can be used in the 
impacts analysis task of this project (see Objective 3), with little or no modification. A 
secondary objective is to recommend how to proceed with long-term development of an 
improved compliance tool for Title 24 that addresses duct thermal performance. 

2. Develop an Alternative Calculation Method (ACM) change proposal to include a new 
metric for thermal distribution system efficiency in the reporting requirements for the 
2005 Title 24 Standards. The metric will facilitate future comparisons of different system 
types using a common “yardstick”. 

3. Using the selected near-term simulation approach, assess the impacts of duct system 
improvements in California large commercial buildings, over a range of building vintages 
and climates. This assessment will provide a solid foundation for future efforts that 
address the energy efficiency of large commercial duct systems in Title 24. 
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In support of Objective 1, Wray (2003) carried out a review of documents related to past HVAC 
system modeling efforts, which was supplemented by discussions with other simulation experts. 
Based on that work, he defined a set of modeling principles and published HVAC component 
models that can be used to guide duct thermal performance modeling for large commercial 
buildings. He also suggested that the best short-term approach for evaluating duct leakage 
impacts on HVAC system performance is to build upon past research that used DOE-2 and 
TRNSYS sequentially (Franconi 1999). 

However, Wray (2003) concluded that DOE-2 is not a suitable platform for the long-term 
development of models to address duct system performance in large commercial buildings. He 
suggested instead that EnergyPlus, which is based in part on DOE-2, be developed to include 
component models like the TRNSYS ones identified for use in this project’s duct leakage impact 
analysis task. Although EnergyPlus has no duct performance models, we expect that the 
recommended enhancements could be applied in a relatively straightforward manner. 

Regarding Objective 2, the California Energy Commission has accepted the ACM change that 
Modera (2002) proposed for the 2005 Title 24 Standards to address HVAC distribution system 
efficiency in large commercial buildings. The metric of interest, HVAC Transport Efficiency, 
characterizes the overall efficiency of the thermal distribution system as the ratio between the 
energy expended to transport heating, cooling, and ventilation throughout a building and the total 
thermal energy delivered to the various conditioned zones in the building. Since the proposal is 
for a set of reporting changes, the ACM proposal should not require significant effort on the part 
of ACM providers to implement the changes in existing Title 24 non-residential compliance 
software. 

Objective 3 is the focus of the work reported here. In particular, this report presents findings and 
recommendations that resulted from our modeling efforts to assess the impacts of duct thermal 
performance improvements. 

This project contributes to the PIER program objective of improving the energy cost and value of 
California’s electricity in two ways. One is by developing analytical methods to show that well 
designed duct systems in large commercial buildings can save much of the energy used to move 
and condition air. The other is by making progress toward new requirements for commercial duct 
system efficiency in future revisions of Title 24. We expect that the new analytical capabilities 
and performance requirements will ultimately result in smaller capacity, more energy-efficient 
building systems, which will also reduce peak electrical demand from California’s commercial 
building sector and improve the reliability and quality of California’s electricity. 

1.3 Report Organization 
In Section 2, California Duct Systems, we briefly describe duct system types that are common 
in California large commercial buildings, and present an example to illustrate the effects of duct 
system deficiencies. 

In Section 3, Modeling Approach, we summarize the DOE-2/TRNSYS simulation approach 
that we used to evaluate the impacts of duct leakage on VAV system performance. 

In Section 4, Building and HVAC System Characteristics, we describe the characteristics of 
the prototypical large office building that we simulated, and summarize the 54 building vintage, 
climate, and duct leakage combinations that we used in this study. 
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In Section 5, System - Plant Energy Use Regressions, we summarize our approach to translate 
TRNSYS air-handling system coil loads into cooling and heating plant energy use. 

In Section 6, Results, we describe the impacts of duct leakage on building energy performance, 
based on the simulation results. To improve readability, the large data tables referred to in this 
section are located after the References section. 

In Section 7, Conclusions, we present what we learned from the research. 

In Section 8, Other Issues and Implications, we recommend future activities. 

Following the Glossary and References, there are two Appendices: 

“Appendix I, Building Schedules” lists the various operating schedules that we used in the 
simulations. 

“Appendix II, Regression Equations and Coefficients” provides details about the system - 
plant energy use regressions that we developed, and explains how they are used. 

2. CALIFORNIA DUCT SYSTEMS 
The information in this section briefly describes duct system types that are common in California 
large commercial buildings, and presents an example to illustrate the effects of duct system 
deficiencies. The intent of this section is to help the reader understand why we simulated VAV 
systems in large office buildings and to conceptualize how duct leakage can affect the 
performance of an HVAC system. 

2.1 Duct System Types 
Using survey data collected from 1988 through 1993 by or for California utilities and for the 
California Energy Commission, Modera et al. (1999) determined that there are three basic types 
of duct systems in California commercial buildings: 

• Single-duct systems generate either a cool or warm air stream at the air-handler. The 
supply air is delivered to the conditioned zones through a single duct system connected to 
the air-handler. Reheat coils at individual terminal units can be used to add heat to the 
supply air when needed. 

• Dual duct systems generate a cool air stream and a warm air stream at the air-handler. 
Each air stream is supplied to terminal boxes through a separate duct system. The 
terminal boxes mix the air streams before the supply air enters the zones. 

• Multizone duct systems also generate a cool air stream and a warm air stream at the air-
handler, but they use dampers at the air-handler instead of at a terminal box to mix the 
cool and warm air streams for each zone. Each zone’s supply air is delivered through a 
separate duct system (this system is somewhat like several single-duct systems operating 
in parallel). 

All of these duct systems use one of two methods to control the amount of energy supplied to 
each zone. A constant-air-volume (CAV) system delivers a fixed quantity of supply air to the 
conditioned space and maintains desired conditions by varying the temperature of the supply air. 
A variable-air-volume (VAV) system maintains space temperature by varying the quantity of 
supply air, generally at a fixed temperature. 
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Based on the floor area served by these duct systems (Modera et al. 1999), the most common 
system across different California building types is the single duct CAV system (71%). The next 
most common system type is the multizone system (19%). Single-duct VAV systems (8%) and 
dual duct systems (2%) serve the remainder of the floor area. Note that the fraction of multizone 
systems might be overrepresented by these data. Modera et al. indicated that the survey data may 
include some inappropriate affirmative responses for multizone systems. In some cases, the 
respondent may have called a system that serves more than one zone a multizone system, even 
though the system is not really a multizone system as described above. For example, some of the 
multizone systems might actually be single-duct VAV systems that serve multiple zones. 

The fractions of floor areas served by CAV and VAV system types are difficult to determine, 
because the fractions for multizone and dual-duct systems are unknown. However, based on data 
from Modera et al. (1999) and EIA (2002), the fraction of VAV systems may be in the range of 8 
to 34% of the total building floor area. The EIA data indicate that VAV systems serve 34% of 
the large commercial building floor area in the U.S. Pacific region, which includes California. 

Although there are substantially fewer VAV systems than CAV systems in California, it is clear 
that VAV systems are used in a significant fraction of California buildings and need to be 
addressed when developing duct models for large commercial buildings. A reason to focus on 
VAV systems is that if one is able to model a VAV system, then a CAV system can also be 
modeled (it is a simplification of a VAV system). Another reason is that an EPRI study (Pietsch 
1991) suggested a significant national trend over the past 30 years towards the use of VAV 
systems in new construction (e.g., about 75% of new duct systems in the period 1980 through 
1990 were VAV systems). 

Of the floor area served by single-duct VAV systems, the data from Modera et al. (1999) indicate 
that most (98%) of it is in large office buildings; the remainder (2%) is primarily in hotel and 
retail buildings. For this reason, we focused on large office buildings in our study. 

2.2 Effects of Duct Deficiencies 
In large commercial buildings, duct systems and the effects of deficiencies in these systems are 
much more complex than in most residential and small-commercial buildings. As an example to 
illustrate the effects of duct system deficiencies, consider a large commercial building equipped 
with a single-duct terminal-reheat VAV system that has leaky supply ducts located within a 
ceiling return air plenum. 

When conditioned air leaks from the supply ducts, the heating or cooling energy associated with 
leakage heats or cools the return air and changes its temperature (and enthalpy). Depending on 
the temperature difference across each surface that separates the plenum from adjacent 
conditioned spaces and the outdoors, some of the energy associated with the leakage airflow is 
transferred from the plenum by conduction across these surfaces. The energy transferred by 
conduction between the plenum and adjacent zones may be beneficial or detrimental to zone 
loads. For example, when there is simultaneous heating of perimeter zones and cooling of the 
core zone, the heating energy associated with leakage from ducts that serve the perimeter zones 
will tend to increase plenum temperatures; the cooling energy associated with leakage from ducts 
that serve the core zone will tend to decrease plenum temperatures. A net increase in plenum 
temperatures will increase the core-zone cooling load and decrease the perimeter-zone heating 
loads. Conversely, a net decrease in plenum temperatures will decrease the core-zone cooling 
load and increase the perimeter-zone heating loads. 
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If the VAV boxes deliberately induce airflows from the ceiling plenum (driven by induction 
effects or by VAV box fans), the change in return air enthalpy affects the mixed supply air 
enthalpy within and downstream of the VAV box. This in turn affects the energy that is 
transferred to the conditioned spaces by these airflows. It can also affect VAV box reheat coil 
loads (e.g., reduced return air enthalpy due to cool supply air leakage upstream of the VAV box 
or from other ducts reduces the VAV box mixed air enthalpy and increases reheat coil loads). 

A change in return air temperature due to duct leakage will also change cooling coil loads when 
the economizer is not operating. For example, consider an air-handler with an economizer that is 
controlled based on dry-bulb temperatures (rather than on enthalpies). When the outdoor air 
temperature is above the return air temperature high-limit set point, the amount of outdoor air 
entering the air-handler is the minimum required for ventilation. The remainder of the mixed 
airflow entering the air-handler (same flow rate as the supply airflow) is return air. Mechanical 
cooling is used to maintain the desired supply air temperature. In this case, the change in return 
air enthalpy due to duct leakage will affect the mixed air enthalpy entering the air-handler coils, 
and therefore will affect the cooling coil loads (e.g., reduced return air enthalpy due to cool 
supply air leakage reduces mixed air enthalpy and therefore reduces cooling coil loads). To 
maintain the desired air pressure differentials across the building envelope, some return air is 
discharged outdoors. This means that some of the heating or cooling energy associated with 
leakage is discharged to outdoors and is not recaptured at the air-handler. 

When the outdoor air temperature is between the desired supply air temperature and return air 
temperature high-limit set point, the economizer operates with 100% outdoor air and no return 
air enters the air-handler (all of the return air is discharged outdoors). In this case, even though 
mechanical cooling is used as a supplement to maintain the desired supply air temperature, the 
change in return air enthalpy due to duct leakage does not affect mixed air enthalpy or cooling 
coil loads. When the outdoor air temperature is below the desired supply air temperature, there is 
no mechanical cooling and duct leakage again has no impact on air-handler coil loads. However, 
to maintain the desired supply air temperature in this case, a change in return air temperature 
(e.g., due to duct leakage) will cause the economizer to alter the amounts of return air and 
outdoor air that enter the air-handler. 

In the case of a VAV box with leaky downstream ducts, the duct leakage means that insufficient 
heating or cooling energy is delivered to the conditioned spaces. As a result, the thermostat call 
for heating or cooling is not satisfied and the thermostat calls for more air to be supplied through 
the VAV box. To deliver more supply air, the VAV box primary air damper opens further, which 
in turn reduces the resistance to airflow in the duct system. Consequently, to maintain the main 
duct static pressure at its set point, the supply fan airflow must increase to compensate for the 
downstream leakage airflows. Upstream leakage has a similar effect on supply fan airflow, but 
no effect on VAV box flows (unless the supply fan is too small to maintain duct static pressure in 
the leaky duct system). 

Because the relationship between fan power and airflow is somewhere between a quadratic and 
cubic function (Wray 2003), the increase in supply airflow to compensate for duct leakage means 
that supply fan power consumption increases significantly, with a large fraction of this fan power 
used just to move the leaking air. Increasing the fan power also increases cooling coil loads when 
mechanical cooling is being used to maintain the desired supply air temperature (when the 
economizer is operating at 100% or minimum outdoor air). This occurs because the heat created 
by the increased fan power tends to increase the supply air temperature downstream of the fan. In 
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response, the cooling coil water valve open furthers to provide more cooling to maintain the 
desired supply air temperature. 

3. MODELING APPROACH 
To evaluate the impacts of duct leakage on VAV system performance in large office buildings, 
we modeled a prototypical office building with different characteristics that represent three 
building vintages in three California climates with six different duct leakage configurations (54 
cases), using DOE-2.1E (Winkelmann et al. 1993a, 1993b) and TRNSYS (Klein et al. 1996). Our 
modeling approach involves a three-step quasi-steady-state process in which the distribution 
system simulation is uncoupled from the loads and plant simulations of DOE-2, in the same 
manner that DOE-2 itself uses. The difference is that the TRNSYS system simulation expands 
beyond DOE-2 modeling capabilities to offer more flexibility in modeling duct thermal 
performance. The three steps in our modeling approach are as follows: 

1. Hourly zone loads (heat extraction and addition rates) and zone air temperatures are 
calculated using DOE-2, for a constant air volume (CAV) system that has no duct 
leakage. These results are then output to a data file, which is read as input by TRNSYS. 
The data file also includes the corresponding hourly weather conditions, latent heat gains 
in conditioned spaces, and heat input to the ceiling plenum from lights. DOE-2 simulates 
all 8760 hours in a year. 

2. TRNSYS generates hourly HVAC system fan and coil energy consumption data using 
interconnected detailed component models for the heating and cooling coils, fans, ducts, 
terminal boxes, economizer, and return plenum. The solution for each hour involves 
numerous iterations that terminate when convergence is achieved; convergence occurs 
when the error tolerances associated with component input and output variables are 
satisfied. Various duct leakage configurations are modeled at this stage. The TRNSYS 
analysis considers only hours when the HVAC system is operating. These hours (as 
defined in Appendix I) are: Monday through Friday, 6 a.m. to 8 p.m., and Saturday, 
6 a.m. to 3 p.m.; they exclude Sundays and holidays (system is off on these days). 

3. Regression analyses based on correlations that we developed between DOE-2 system and 
plant energy use are used to translate the TRNSYS system level coil load data to plant 
level energy use; energy costs are subsequently calculated based on this energy use. 

In our evaluation, all but two of the effects described in Section 2.2 were modeled. The VAV 
box induction flows, as well as the impact on conditioned space loads of plenum temperature 
changes caused by duct leakage, were not modeled. Modeling these effects requires the use of 
coupled zone load and HVAC system models, which are not yet available in simulation tools that 
address duct leakage. Wray (2003) describes our modeling approach in more detail, the duct 
performance principles on which it is based, and the TRNSYS component models that we used. 

An advantage of using the DOE-2/TRNSYS approach in this project is that DOE-2 prototypical 
models for a large commercial California building are already available, as are the custom 
TRNSYS component models (Franconi 1999). Another advantage is that the duct leakage 
modeling approach and its results for a California building have already been validated by 
Franconi, and no substantial changes to the simulation tool are required to carry out our analyses. 
No other whole-building modeling approach to assess duct system performance for large 
commercial buildings is currently as advanced as this approach. 
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4. BUILDING AND HVAC SYSTEM CHARACTERISTICS 
In this study, we modeled a ten story, 150,000 ft2 office building. Each story has a floor area of 
15,000 ft2 and is divided into five zones: four 15-ft wide perimeter zones and one core zone. 
Each set of five zones has a ceiling plenum above them that serves as the return air plenum. The 
mechanical plant is located in a below-grade basement. 

4.1 Building Envelope 
We modeled three construction eras (1980s, 1990s, and 2005) in three California climates where 
large commercial buildings are common (Oakland, Pasadena, and Sacramento). The building 
envelope thermal characteristics are listed in Table 1 for the 1980s and 1990s era buildings and 
in Table 2 for the 2005 era building. The general characteristics of the 1980s and 1990s era 
buildings were determined in a previous study (Huang and Franconi 1999). The 2005 era 
building is based on the requirements of the proposed 2005 California Title 24 Nonresidential 
Energy Standards (CEC 2003a). 

In each case, the intermediate floors are 4 in. thick lightweight (80 lb/ft3) concrete slabs, covered 
with a carpet and fibrous pad. The basement floor is a 6 in. thick heavyweight concrete slab on 
top of soil. The exterior walls are 1 in. thick stone (140 lb/ft3), 2 in. x 4 in. steel studs (16 in. on 
center), insulation in the wall cavities, and 5/8 in. thick sheet rock. Windows are double-glazed. 
The bottom of each ceiling return plenum (conditioned space ceiling) is 3/4 in. thick, 2 ft. x 4 ft. 
acoustic ceiling tiles laid in a steel T-bar frame. The roof assembly above the top story’s ceiling 
return plenum consists of built-up roofing, 4 in. thick lightweight concrete, and insulation. The 
R-values and U-values that are listed in Tables 1 and 2 are for entire assemblies, not including air 
films. 

Table 1. Building Envelope Characteristics - 1980s and 1990s Construction 
Based on Huang and Franconi (1999) 

 1980s 
Construction 

1990s 
Construction 

Roof   
Assembly R-value (h·°F·ft2/Btu) 13.1 14.5 
Walls   
Assembly R-value (h·°F·ft2/Btu) 3.1 6.6 
Windows   
Assembly U-value (Btu/(h·°F·ft2)) 0.72 0.60 
Relative Solar Heat Gain (RSHG)* 0.69 0.62 
Shading Coefficient** 0.77 0.71 
Window/Zone-Wall Area Ratio 40% 50% 

* RSHG is a function of the solar heat gain coefficient (SHGCwin), the window orientation, and the size 
and position of overhangs. Because the prototypes modeled do not have overhangs, RSHG=SHGC. 
** Shading Coefficient = SHGC/0.87 = RSHG/0.87. 
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Table 2. Building Envelope Characteristics – 2005 Title 24 
Based on the Draft 2005 Title 24 Standards (CEC 2003a) 

 
Oakland 
(CZ 3) 

Pasadena 
(CZ 9) 

Sacramento
(CZ 12) 

Roof 
Assembly R-value (h·°F·ft2/Btu) 20.9 12.9 20.9 
Walls 
Assembly R-value (h·°F·ft2/Btu) 5.4 5.4 5.7 
Windows  
Assembly U-value (Btu/(h·°F·ft2)) 0.77 0.77 0.47 
Relative Solar Heat Gain (RSHG)*     
  North 0.61 0.61 0.47 
  Non-North 0.41 0.34 0.31 
Shading Coefficient (SC)**    
  North 0.701 0.701 0.54 
  Non-North 0.471 0.391 0.356 
Window/Zone-Wall Area Ratio 40% 40% 40% 

* The CEC 2005 Title 24 Standards specify a maximum Relative Solar Heat Gain (RSHG) as listed 
above. RSHG is a function of the solar heat gain coefficient (SHGCwin), the window orientation, and 
the size and position of overhangs. We used the RSHGs specified in the 2005 Title 24 Draft Standards. 
Because the prototypes modeled do not have overhangs, RSHG=SHGC. 
** Shading Coefficient = SHGC/0.87 = RSHG/0.87. 

 

4.2 Building Operating Characteristics 
Table 3 lists the operating characteristics that we used to model the building prototypes in DOE-
2. Schedules describing when these characteristics apply are listed in Tables I-1 through I-7 of 
Appendix I. These schedules are based on the draft 2005 Title 24 schedules (CEC 2003a). 

Table 3. Building Operating Characteristics 

 1980s* 1990s* 
2005 Title 24 

Draft Standard**
Infiltration (ach)    
 HVAC System Operating 0 0 0 
 HVAC System Off 0.30+ 0.30+ 0.075*** 
Minimum Outside Air (cfm/person) 15 15 15 
Occupancy (ft2/person) 100 100 100 
Lighting Intensity (W/ft2) 1.8 1.3 1.1 
Equipment Load (W/ft2) 0.75 0.75 1.34 

* Huang and Franconi (1999), Table 10. 
+ Huang (2003). 
** CEC (2003a). 
*** Based on 0.038 cfm/ft2 of exterior wall area, as proposed in the 2005 Title 24 Draft (CEC 2003a). 

 

Infiltration is assumed to be zero when the HVAC system is operating. When the HVAC system 
is off, the infiltration rate is assumed to be the air change rate listed in Table 3, as appropriate for 
each case. The “off hours” infiltration rate for the 1980s and 1990s era buildings (0.3 ach, Huang 
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2003) is about midway in the range reported by Grot and Persily (1986) for eight 1980s era 
office buildings that they tested (0.1 to 0.6 ach). The hourly outdoor airflow rates modeled 
during system operating hours are based on the hourly occupancy schedules and the outdoor 
airflow rate requirements per person specified in the draft 2005 Title 24 standard (CEC 2003a). 

Of the heat generated by the light fixtures, 45% is transferred to the occupied zones; the 
remainder goes to the ceiling return plenum (Huang 2003). 

4.3 Air-Handling System Description 
The single-duct VAV terminal-reheat air distribution system that we modeled in TRNSYS 
includes an airside economizer, a cooling coil, a variable-speed supply fan, five pressure-
independent VAV-boxes (each with a discharge reheat coil), a ceiling return air plenum, and a 
variable-speed return fan. The system serves the five building zones on a single floor: four 
perimeter zones and one core zone. It is assumed that identical systems serve each of the ten 
floors in the building. 

The system economizer uses the following control strategy: 

• When the outdoor air temperature is above the return air temperature high-limit set point 
(70ºF in Sacramento, and 75ºF in Oakland and Pasadena, CEC 2003a), the amount of 
outdoor air entering the air-handler is the minimum required for ventilation. The 
remainder of the mixed airflow entering the air-handler (same flow rate as the supply 
airflow) is return air. Mechanical cooling is used to maintain the desired supply air 
temperature. To maintain a zero air pressure differential across the building envelope, the 
amount of return air discharged to outdoors is the same as the amount of outdoor air 
entering the air-handler. 

• When the outdoor air temperature is between the desired supply air temperature and 
return air temperature high-limit set point, the economizer operates with 100% outdoor 
air and no return air enters the air-handler (all of the return air is discharged outdoors). 
Mechanical cooling is used as a supplement to maintain the desired supply air 
temperature. 

• When the outdoor air temperature is below the desired supply air temperature, there is no 
mechanical cooling. In this case, the economizer mixes appropriate amounts of return air 
and outdoor air to maintain the desired supply air temperature. 

In all cases, the minimum outdoor air ventilation rate is set to correspond to a minimum outdoor 
airflow of 2,250 cfm per floor at design conditions. This value is based on the occupant density 
of 100 ft2/person and the outdoor-air ventilation rate of 15 cfm/person described in Table 3. For 
each case, the minimum outdoor air ventilation rate is a constant fraction of the supply fan 
airflow, but this fraction is not necessarily constant from case to case because design supply 
airflows vary from case to case. 

The cooling coil control is simple: a constant supply air dry-bulb temperature of 53ºF is 
maintained downstream of the supply fan. This temperature was selected to achieve a 20ºF 
supply air temperature difference relative to the 73ºF cooling set-point temperature of the 
conditioned spaces. 

All VAV boxes have the same flow fraction at their minimum turndown. For each box, this 
fraction is set at 40% of the design maximum flow rate entering the box to ensure that sufficient 
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heat can be delivered to the zone, assuming a 180°F water temperature entering the reheat coils. 
In some cases, lower turndown fractions (e.g., 30%) could have been used to satisfy heating 
requirements; however, for consistency, we used the same turndown fraction in all cases. 

4.4 Cooling and Heating Plant Description 
A water-cooled hermetic centrifugal chiller supplies chilled water to the air-handling system 
cooling coil. The chiller rejects heat outdoors using a cooling tower. A natural-gas-fired boiler 
supplies hot water to the VAV box reheat coils. We used the default DOE-2 plant equipment 
models for the chiller, cooling tower, boiler, and associated circulation pumps. 

The heat gain associated with the boiler standby loss to the unconditioned basement (Btu/h) is 
calculated as 0.0057 times the boiler fuel efficiency (80% for the 2005 vintage, 79% for the 
others) times the total building occupied floor area (Franconi 1999). Combustion air to the 
basement for the boiler is assumed to be two air changes per hour (Huang 2003). 

4.5 Duct Leakage Characteristics 

Upstream Leakage 

The supply and return fans in the VAV system have variable-speed-drive control. Although not 
modeled explicitly, we assume that the HVAC control system varies the supply fan airflow to 
maintain a constant duct static pressure upstream of the VAV boxes. In a VAV distribution 
system with constant static-pressure control, the pressure distribution along the ducts upstream of 
the VAV zone boxes is affected by several parameters, which include: the duct friction and 
fitting pressure drops, the system equipment (e.g., mixing dampers, cooling coil, air filters) 
pressure drops, the static-pressure set point, and the placement of the static-pressure sensor. The 
duct and system equipment pressure drops vary with airflow. Therefore, in general, the pressure 
differences across the upstream leaks when the fan operates at design conditions (maximum fan 
airflow) will differ from the pressure differences across the leaks during part-load fan operation 
(reduced fan airflow). In certain circumstances, upstream leakage airflow is not affected by part-
load fan operation and the average upstream duct air leakage is constant. This is only precisely 
true when all of the duct leaks are located at the same location as the pressure sensor, and 
pressure reset control is not in use. 

The simplifying assumption that we used for modeling leakage upstream of the VAV boxes is 
that the upstream leakage airflow is constant and is not affected by the airflow through the fan. 
This implies that the fraction of the fan airflow that is leaking upstream of the VAV boxes 
increases as the fan airflow is reduced. 

Downstream Leakage 

Downstream of a VAV box, the duct pressure distribution is affected by the box damper 
position, which provides a variable flow resistance to control the downstream duct airflow. The 
pressure differences across the leaks in the downstream ducts can be related to the average 
pressure drop through these ducts. If turbulent flow through the duct is assumed, the airflow rate 
affects the duct pressure drop according to the square law. If it is also assumed that there is a 
square root relationship between leakage flow and pressure difference across the duct leaks, then 
the fraction of the VAV box airflow that leaks from the ducts downstream of the boxes remains 
approximately constant. However, the leakage airflow is not constant. 

 13 

1/18/2012 249 of 288



 

Nominal Leakage Fraction 

Based on the simplifying assumptions described above, two inputs are required to describe 
supply duct leakage in the TRNSYS simulation: upstream leakage fraction and downstream 
leakage fraction. The upstream leakage fraction is the upstream leakage flow, which is a constant 
for all part load ratios, divided by the supply fan design airflow. The downstream leakage 
fraction is a constant fraction of the VAV box airflow, which varies during system operation. 

In the TRNSYS simulations, we used six leakage configurations in each of the three climates for 
each of the three building vintages (54 cases) to evaluate the variability of duct leakage impacts 
on HVAC system energy performance: 

• 10+10, which refers to a 10% leakage fraction upstream of the VAV boxes and a 10% 
leakage fraction downstream of the VAV boxes (about 19% total leakage) at design flow; 

• 7.5+7.5, which refers to 7.5% leakage fractions upstream and downstream (about 14% 
total leakage) at design flow; 

• 10+2.5, which refers to a 10% leakage fraction upstream and a 2.5% leakage fraction 
downstream (about 12% total leakage) at design flow; 

• 2.5+10, which refers to a 2.5% leakage fraction upstream and a 10% leakage fraction 
downstream (also about 12% total leakage) at design flow; 

• 5+5, which refers to 5% leakage fractions upstream and downstream (about 10% total 
leakage) at design flow; and 

• 2.5+2.5, which refers to 2.5% leakage fractions upstream and downstream (about 5% 
total leakage) at design flow. 

The last case represents a tight duct system, but not a perfect one with zero leakage. It is unlikely 
that real duct systems can be made perfectly tight. 

Note that the sum of the upstream and downstream leakage fractions at design flow do not equal 
the total leakage fraction. This is because the upstream leakage is a fraction of the supply fan 
flow and the downstream leakage is a fraction of the flow entering the VAV boxes. For example, 
in the 10+10 case, if the supply fan flow is 10,000 cfm, then the upstream leakage is 1,000 cfm 
(10% of 10,000 cfm) and 9,000 cfm reaches the VAV boxes. The downstream leakage is 
therefore 900 cfm (10% of 900 cfm) and 8,100 cfm reaches the zones. This means that a total of 
1,900 cfm or 19% of the 10,000 cfm supply fan flow has leaked from the ducts. 

4.6 Plenum Energy Balance 
In our TRNSYS model of the ceiling return air plenum, the zone return air passes through an 
open ceiling plenum and then to the return air ducts and fan. An energy balance is used to 
determine the return plenum air temperature. This energy balance accounts for the effects of 
supply-duct air leakage, plenum “floor” (zone ceiling) and “ceiling” (zone floor) conduction, 
plenum exterior wall conduction, heat gain from ceiling-mounted lights, and zone return airflow. 

Our simulations show that the plenum is slightly cooler when there is duct leakage. For each 
hour in the leakiest case (19% total duct leakage), the plenum temperature is 1 to 2ºF cooler than 
the corresponding temperature in the “tight” (5% total duct leakage) case. The largest plenum 
temperature reduction occurs when the cooling effect due to supply air leakage is largest, which 
is also when the largest net cooling load in the conditioned zones occurs. These plenum 
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temperature changes are consistent with our field observations in an office building when 15% 
leakage was added to a VAV system with 5% leakage (Diamond et al. 2003). 

Although we included the effects of plenum “floor” and “ceiling” conduction in calculating the 
return plenum air temperature, our uncoupled sequential approach to evaluate the zone loads and 
HVAC system performance ignores the impact of the plenum temperature changes due to 
leakage on heating or cooling loads and air temperatures in the conditioned zones. We ignored 
this effect because it is small compared to the impacts of other gains and losses in the 
conditioned spaces (e.g., solar loads; occupancy, equipment, and lighting heat gains; exterior 
wall and window conduction). For example, the largest plenum temperature reduction (2ºF) due 
to 19% total leakage, which corresponds with the largest net cooling load in the conditioned 
zones, would only reduce the cooling load by about 3%. A more rigorous approach to account 
for this effect would involve a coupled simultaneous solution of the loads, system, and plant 
performance. In the future, EnergyPlus could be used for this purpose if the TRNSYS duct 
models were integrated with that program. 

4.7 Fan Performance 
In many hourly simulation programs, including DOE-2, the fan performance subroutines are 
based on a third-order polynomial relating the fan fractional shaft power to the fan part load 
airflow ratio (Brandemuehl et al. 1993). The form of the equation is: 

  (1) 3
3

2
210 PLRcPLRcPLRccFPR ⋅+⋅+⋅+=

where 

FPR: Fan power ratio, which is the dimensionless ratio of the fan shaft power at a 
particular time to the fan shaft power under design conditions; 

PLR: Part load ratio, which is the dimensionless ratio of the fan airflow at the same time 
to the fan airflow under design conditions; and 

c0 … c3: Constant coefficients for the curve fit. The specific coefficients depend on the 
pressure drop, pressure control, and airflow characteristics of the system. 

Table 4 defines the coefficients for various fan control schemes. These include: outlet damper 
control, inlet vane control, and variable speed control. There are two sets of coefficients listed for 
variable speed control. One is a set of coefficients used in DOE-2 and in the ASHRAE HVAC 
Toolkit for a generic fan, and produces a curve similar to the one used by Franconi (1999) for 
part load airflow fractions of one or less. The other set corresponds to the relation defined in the 
Title 24 Nonresidential Alternative Calculation Method (ACM) (CEC 2003b) for a variable 
speed drive with static pressure control. We used the Title 24 set of coefficients in our 
simulations. 

Table 4. Polynomial Coefficients for Fan Performance Curves 

Fan Control Type c0 c1 c2 c3 
Outlet Damper 0.3507 0.3085 -0.5414 0.8720 

Inlet Vane 0.3707 0.9725 -0.3424 0 
Variable Speed Drive (Generic) 0.0015 0.00521 1.1086 -0.1164 
Variable Speed Drive (Title 24) 0.1021 -0.1177 0.2647 0.7600 
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Figure 1 shows the differences between the relationships. For fan part load airflow fractions 
greater than about 0.33, the Title 24 curve results in the lowest fan power. In our simulations, fan 
part load flow fractions were typically concentrated in a range of 0.4 to 0.8. 
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Figure 1. Comparison of Fan Performance Curves 

4.8 System and Plant Sizing 
The VAV system that we simulated in TRNSYS used the same size system and plant equipment 
for the various duct leakage cases in a given climate and for a given building vintage; however, 
the sizes varied over the nine building vintage and climate combinations. 

The supply (and return) fan design airflow was determined by the high-leakage case (10+10), 
because the maximum airflow occurs for that case. The intermediate-floor supply fan design 
airflows for each climate and building vintage combination are listed in Table 5, and are based 
on the calculated zone airflow requirements with leakage effects added. Supply and return fan 
power at design conditions are based on the design airflow, total pressure rises of 3 in. of water 
for the supply fan and 1 in. of water for the return fan, a combined fan and drive efficiency of 
65% for each fan, and motor efficiencies of 90% for the supply fan and 88% for the return fan. 
Based on these fan parameters, the specific total fan electrical power is 0.8 W/cfm. These 
parameters represent a low-pressure system that serves a single floor. Systems with larger 
pressure rises will use more fan power, which will make duct sealing even more cost-effective. 
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Table 5. TRNSYS Air-Handler Fan Design Parameters 
(Airflows and Electrical Power for Intermediate Floor) 

Climate Zone Vintage 

Supply Fan
Airflow 
(cfm) 

Supply Fan
Power 
(kW) 

Return Fan 
Power 
(kW) 

Total Fan 
Power 
(kW) 

CZ3 1980s 13,000 7.8 2.8 10.6 
(Oakland) 1990s 13,000 7.8 2.8 10.6 

 2005 10,500 6.3 2.2 8.5 
CZ9 1980s 21,100 12.7 4.5 17.2 

(Pasadena) 1990s   23,700* 14.3 5.0 19.3 
 2005 15,200 9.1 3.2 12.3 

CZ12 1980s 16,800 10.1 3.6 13.7 
(Sacramento) 1990s 16,300 9.8 3.5 13.3 

 2005 12,100 7.3 2.6 9.9 
* Increased wall insulation and window solar heat gain in the 1990s changed the time (and therefore 
outdoor conditions) when peak loads occur in the Pasadena building. This resulted in increased 
indoor temperatures when the air-handling system is off, which in turn resulted in larger cooling 
loads at the start of the occupied (conditioned) periods. 

 

The chilled-water coil and VAV-box reheat coils are also sized sufficiently to meet the 
maximum coil loads (20% oversizing). For sizing the cooling coils, we assumed a 12ºF water-
side temperature rise and an entering water temperature of 44ºF; for the reheat coils, we assumed 
the water-side temperature drop was 30ºF and the entering water temperature was 180ºF. 

Table 6 summarizes the cooling and heating coil sizes per floor that were generated by DOE-2 
(for a CAV system), and which DOE-2 used to size the plant equipment for its plant energy use 
simulations (with no duct leakage). Table 6 also lists the corresponding coil sizes that we 
calculated and that were used in the TRNSYS VAV system simulations. The TRNSYS coil sizes 
differ from the DOE-2 sizes for three reasons: 

1. The TRNSYS cooling and heating coil sizes account for the effects of duct leakage on 
coil loads. 

2. The TRNSYS reheat coil sizes are for a VAV system rather than a CAV system, and 
VAV system reheat loads are smaller because supply airflows are lower during reheat for 
a VAV system. 

3. The TRNSYS sizes are based on the zone loads and corresponding zone temperatures 
generated by DOE-2, but are determined using VAV system-sizing calculations 
independent of DOE-2. The calculations that we used are based on methods outlined by 
Knebel (1983), Kreider and Rabl (1994), and Pedersen et al. (1998). 

 17 

1/18/2012 253 of 288



 

Table 6. Cooling and Heating Coil Sizes (kBtu/(h·floor)) 

  DOE-2 TRNSYS 
Climate Zone Vintage Cooling Heating Cooling Heating 

CZ3 1980s 315 354 470 262 
(Oakland) 1990s 308 331 458 236 

 2005 252 271 407 202 
CZ9 1980s 428 277 528 177 

(Pasadena) 1990s 419 270 544 185 
 2005 353 198 483 129 

CZ12 1980s 450 438 598 337 
(Sacramento) 1990s 434 397 576 294 

 2005 339 249 483 180 
 

5. SYSTEM - PLANT ENERGY USE REGRESSIONS 
As described in Appendix II, we determined that the whole-building heating and cooling plant 
hourly demands and annual energy consumption (electricity and natural gas) can be predicted 
based on the heating and cooling coil loads of a mid-height intermediate floor. In this analysis, 
we calculated hourly heating and cooling part load factors for the intermediate floor and for the 
whole building. For the intermediate floor, the five reheat coil loads were summed for each hour 
to obtain an hourly total heating coil load for that floor. The hourly total heating coil loads for 
the floor were then divided by the maximum of those values to obtain the intermediate-floor 
hourly heating part load ratios. We used the hourly total cooling coil loads for the same floor in a 
similar manner to determine the intermediate-floor hourly cooling part load ratios. Also, we used 
the whole-building hourly heating and cooling total coil loads in the same manner to obtain the 
whole-building heating and cooling part load ratios. 

We used regression techniques to generate polynomial relationships between the intermediate-
floor hourly part load ratios and the hourly whole-building plant energy demand (chiller 
electricity, cooling tower electricity, and boiler electricity and natural gas). Tables II-3a though 
II-6c in Appendix II provide the regression equations, equation coefficients, regression R2 
values, and example predicted values. The R2s for the regression equations for all three vintages 
and climate zones ranged from 0.9999 to 1.000 for the chiller electricity demand, 0.9338 to 
0.9997 for the cooling tower electricity demand, 0.9990 to 1.0000 for the boiler electricity 
demand, and 0.9984 to 0.9997 for the boiler natural gas demand. The resulting equations were 
applied to the TRNSYS coil loads to predict whole building plant electricity and natural gas 
consumption for each of the various leakage cases modeled. 

Figures 2 through 7 provide example regression plots to illustrate the relationships between the 
various parameters for the 2005 Title 24 compliant building in Sacramento (CEC Climate Zone 
12). These plots are representative of the plots for other climate zones and building vintages. In 
particular, Figures 2 and 3 compare the whole-building part load ratios and the intermediate-floor 
part load ratios. Figures 4 through 7 show, for the same building prototype and climate, the 
chiller, cooling tower, and boiler electricity demand curves, and the boiler natural gas demand 
curve, all based on the intermediate-floor part load ratios. Compared to the other plant demand 
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data, the cooling tower electricity data has more scatter. However, the annual cooling tower 
electricity consumption predicted using the regression equation was less than 1% different from 
the annual sum of the cooling tower electricity consumption reported by DOE-2. 
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Figure 2. Building Cooling Part Load Ratio Regression 

CZ 12 (Sacramento) - 2005 Title 24 Compliant Large Office Building 
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Figure 3. Building Heating Part Load Ratio Regression 

CZ 12 (Sacramento) - 2005 Title 24 Compliant Large Office Building 
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Figure 4. Chiller Electricity Consumption (kW) 

CZ 12 (Sacramento) - 2005 Title 24 Compliant Large Office Building 
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Figure 5. Cooling Tower Electricity Consumption (kW) 

CZ 12 (Sacramento) - 2005 Title 24 Compliant Large Office Building 
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Figure 6. Boiler Electricity Consumption Regression (kW) 

CZ 12 (Sacramento) - 2005 Title 24 Compliant Large Office Building 
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Figure 7. Boiler Fuel Consumption Regression (Btu/h) 

CZ 12 (Sacramento) - 2005 Title 24 Compliant Large Office Building 
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6. RESULTS 
The sequential DOE-2/TRNSYS modeling approach could best be described as “user hostile”. It 
is unlikely this approach would be practical on a day-to-day basis for Title 24 compliance 
analyses or even ever used outside a research environment. To reduce the difficulty of using this 
approach, the authors have developed a spreadsheet-based “graphical interface” (not generated 
by TRNSYS itself) that organizes and displays various key input and output parameters of 
TRNSYS. This graphical aid greatly facilitates understanding the complex interactions between 
system flows, loads, and temperatures. 

Figures 8 and 9 show two samples of the performance parameters calculated by TRNSYS for 
two different hours of VAV system operation in the 2005 Title 24 Sacramento building. Both 
cases represent a system with 10% duct leakage upstream and 10% duct leakage downstream of 
the VAV boxes at design conditions. Dashed lines leading from the ducts to the ceiling plenum 
show leakage paths. 

Figure 8 shows the system performing on a cool January day under heating conditions, with the 
VAV boxes operating at or near their minimum flows, and with reheat being added to the supply 
air for all five zones. In this case, the economizer is partly open to mix outdoor air with return air 
and maintain the desired supply air temperature downstream of the supply fan, so that no heat 
needs to be extracted by mechanical cooling through the cooling coil. A supply air temperature 
reset strategy would reduce the reheat coil loads in this case, but our TRNSYS models for a 
VAV system do not include this capability. 

In Figure 9, the system is performing with a large cooling load in every zone at the start of a 
warm July day. All VAV boxes are open part way to supply sufficient cool air to meet the zone 
loads. There is no reheat in this case. The economizer is open completely to reduce the 
mechanical cooling through the cooling coil. All return air is exhausted to outdoors. 

6.1 Air-Handler Fan Power Ratios 
The largest effect that duct leakage has on distribution system performance is to increase fan 
energy consumption. Using the DOE-2/TRNSYS simulation approach, we explored the impacts 
of upstream and downstream leakage independently and in combination. 

Figures 10 through 14 show the hourly supply and return fan power ratios versus the fraction of 
design airflow delivered to the zones for the 2005 Title 24 Sacramento building. The fan power 
ratio is the hourly fan power for the leaky duct case relative to the fan power in the same hour for 
the tight duct system (about 5% total leakage). Five cases are shown: 2.5% upstream leakage 
plus 10% downstream leakage, 10% upstream leakage plus 2.5% downstream leakage, 10% 
upstream leakage plus 10% downstream leakage, 7.5% upstream leakage plus 7.5% downstream 
leakage, and 5% upstream leakage plus 5% downstream leakage. The upstream leakage is a fixed 
mass flow (specified fraction of supply fan design flow rate); the downstream leakage is a fixed 
fraction of VAV box flow, even under part-load conditions. The air mass flow through the return 
fan matches the air mass flow through the supply fan (return fan and supply fan volumetric flows 
differ due to air temperature differences between the two airstreams). 

Plots for other climates and building vintage combinations are not shown, but are similar to the 
five included here. 
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VAV Duct Leakage Case: 10% Upstream / 10% Downstream (8 am, January 2)  
Figure 8. Sample TRNSYS Output – Heating Hour 

 

 

Return Fan

Supply FanCooling Coil

Mixing
Box

Air Filter

Minimum
OA

Economizer
OA

Relief
Air

C
eiling

Plenum

Zone P1

Zone P2

Zone P3

Zone P4

Zone C1

Return
Air

Supply
Air

Reheat
Boxes

Downstream
Leakage

Upstream
Leakage

10.9 C
19.9 C

22.7 C

22.4 C

11.7 C

23.5 C

23.2 C

21.9 C

23 C

24.9 C

11.7 C

11.7 C

11.7 C

11.7 C

11.7 C

19.9 C

0 kg/s

5.79 kg/s

1.04 kg/s

5.79 kg/s

5.79 kg/s

MassFlow

Temp.

0.64 kg/s
0.71 kg/s

0.87 kg/s

0.96 kg/s

1 kg/s
1.11 kg/s

0.97 kg/s
1.08 kg/s

1.1 kg/s
1.22 kg/s

0.51 kg/s

0.71 kg/s

5.79 kg/s

-82800 W

0 W

0 W

0 W

0 W

0 W 6350 W

Coil Load

Load

4500 W

1620 W

Power

22.7 C

19.9 C

4.75 kg/s

7630 W

9970 W

10270 W

11100 W

14650 W

83% flow

79% flow

79% flow

91% flow

80% flow

71% flow

Lighting 

Legend

VAV Duct Leakage Case: 10% Upstream / 10% Downstream (7 am, July 29)  
Figure 9. Sample TRNSYS Output – Cooling Hour 
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Dominant Downstream Leakage 

The effect on fan power of only increasing the downstream leakage is shown in Figure 10. In this 
case, the downstream leakage is increased from 2.5% leakage to 10% leakage, while the 2.5% 
upstream leakage remains unchanged. The total leakage with the increased downstream leakage 
is about 12%. 
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Figure 10. Dominant Downstream Leakage (2.5+10) - Fan Power Impacts 

Compared to the tight duct system (5% total leakage) at design conditions (zone part load flow of 
1.0), Figure 10 shows that the added downstream leakage increases supply and return fan power 
about 23%. The fan power increases are reduced as the zone-part-load-flow ratio decreases and, 
at part loads less than about 0.73, the curves become quite scattered. At the average zone-part-
load-flow ratio (0.65), the power increases for both fans are in a broad range of about 11 to 18%. 
Because the two fans behave similarly, the fractional increase in total fan power is similar to the 
average fractional increase for the supply and return fans at any particular zone-part-load-flow 
ratio. The average increase in total fan power for this dominant downstream leakage case is 
about 14%. 

The supply fan power ratios increase as the zone part load flow ratios increase, because as Figure 
11 shows, the downstream leakage airflow and therefore supply fan airflows increase more with 
increasing part load than for the tight duct system (the downstream leakage is a fixed fractional 
flow, but not a fixed flow rate). Because the return fan mass flow (not shown in Figure 11) is the 
same as the supply fan mass flow, the return fan power ratios increase in a similar manner. 

The scatter at a given zone-part-load-flow ratio occurs because there are some hours when no 
supply air reheating is needed and all the VAV boxes are supplying more than their minimum 
turndown flow, and there are other hours at the same zone-part-load-flow ratio when one or more 
of the zones requires reheat and the corresponding VAV boxes are providing only the minimum 
turn down flow. In the latter circumstance, because the VAV box airflow is constant, increased 
leakage flows downstream of these boxes do not increase the supply and return fan airflows, and 
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therefore the leakage downstream of these boxes does not increase fan power. However, for the 
other VAV boxes that are not at their minimum turndown, increased leakage flows downstream 
of these boxes do increase the supply and return fan airflows, and therefore do increase fan 
power. 
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Figure 11. Dominant Downstream Leakage (2.5+10) - Airflow Impacts 

 

To illustrate the behavior when there is some reheating, Figures 12 and 13 show a sample of the 
performance parameters calculated by TRNSYS for a cooling hour with reheat during January at 
the average zone-part-load-flow ratio (0.65), for the 2005 Title 24 Sacramento building. Figure 
12 shows a tight duct system (about 5% total leakage); Figure 13 shows the same system, but 
with leaky downstream ducts (about 12% total leakage). In this example, the increase in total fan 
power with the increased downstream leakage is about 11%. 

A positive consequence of downstream duct leakage is that the amount of reheating required will 
be reduced for the leaky system, because the supply airflows entering the zones with reheat are 
less than for the tight system and less overcooling will occur due to the airflow entering the zone. 
This consequence of downstream leakage actually causes system reheat loads to decrease 
slightly, as shown in Figures 12 and 13 and as noted in the annual energy consumption 
comparisons discussed in Section 6.2. On the other hand, it is worth noting that some zones do 
not receive their required minimum outdoor air through the HVAC system for the leaky duct 
case. 

Dominant Upstream Leakage 

The effect on fan power of only increasing the upstream leakage is shown in Figure 14. In this 
case, the upstream leakage is increased from 2.5% leakage to 10% leakage, while the 2.5% 
downstream leakage remains unchanged. The total leakage with the increased upstream leakage 
is about 12%. 
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VAV Duct Leakage Case: 2.5% Upstream / 2.5% Downstream (noon, January 5)  
Figure 12. Tight Ducts (2.5+2.5) – Cooling Hour with Reheat 
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VAV Duct Leakage Case: 2.5% Upstream / 10% Downstream (noon, January 5)  
Figure 13. Dominant Downstream Leakage (2.5+10) – Cooling Hour with Reheat 
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Figure 14. Dominant Upstream Leakage (10+2.5) - Fan Power Impacts 

 

Compared to the tight duct system at design conditions, Figure 14 shows that the added upstream 
leakage increases supply and return fan power about 24%. At the average zone-part-load-flow 
ratio (0.66), the power increases about 29% and 28% respectively for the supply and return fans. 
The average increase in total fan power for this dominant upstream leakage case is about 28%. 

The behavior with dominant upstream leakage is very different compared to the behavior for 
dominant downstream leakage. With a fixed leakage rate, the upstream leakage flow becomes a 
larger percentage of total airflow at lower zone-part-load-flow ratios. As a result, in the absence 
of downstream leakage, the fan power ratio would continually increase as the part load was 
reduced. However, the 2.5% downstream leakage in this case reduces the fan power ratio as the 
part load reduces, and the net effect is as shown in Figure 14. 

Combined Upstream and Downstream Leakage 

Figure 15 shows the results for the 10+10 leakage case (about 19% total leakage), which 
combines the separate effects of dominant upstream leakage and dominant downstream leakage 
on fan power consumption. Overall, the increase in fan power due to the combined leakage is 
greater at all zone-part-load-flow ratios in this case than in either the dominant downstream or 
dominant upstream leakage cases described earlier. Compared to the tight duct system at design 
conditions, the supply and return fan power increase about 53% and 51% respectively. At the 
average zone-part-load-flow ratio (0.65), the total fan power increase due to leakage ranges from 
45 to 54%. The average increase in total fan power for this combined leakage case is about 50%. 

Figures 16 and 17 show the results for the 7.5+7.5 and 5+5 leakage cases (about 14% and 10% 
total leakage respectively). Compared to the 10+10 case, as the downstream leakage fractions 
decrease, the scatter decreases significantly; the impact on reheat coil loads also decreases 
significantly. The average increase in total fan power for these two cases is about 30% and 13% 
respectively. 
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Figure 15. Upstream and Downstream Leaks (10+10) - Fan Power Impacts 
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Figure 16. Upstream and Downstream Leaks (7.5+7.5) - Fan Power Impacts 
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Figure 17. Upstream and Downstream Leaks (5+5) - Fan Power Impacts 

6.2 Energy Consumption 
Table III-1 in Appendix III summarizes the VAV distribution system energy performance for the 
54 cases that we studied; the fractional energy uses by component and the energy increases due 
to duct leakage are listed in Tables III-2a and III-2b. The total HVAC site energy use reported 
includes supply and return fan electricity consumption, chiller and cooling tower electricity 
consumption, boiler electricity consumption, and boiler natural gas consumption. It does not 
include exhaust fan electricity consumption, which we did not model. 

The coil loads listed in Table III-1 are large compared to total fan energy, but do not reflect end-
use energy. However, the cooling and reheat coil loads can be related to plant site energy 
consumption by using the system-to-plant regression equations that we developed. Once this 
translation from coil loads to plant energy is made, Tables III-2a and III-2b show that annual 
total energy consumption for supply and return fans ranges from 10 to 25% of the total HVAC 
system energy consumption (17 to 33% of the total HVAC system electrical energy use). Annual 
cooling plant energy is the largest energy use component and ranges from 44 to 60% of the total 
HVAC system energy consumption (65 to 81% of the total HVAC system electrical energy use). 

For comparison, California Energy Commission Year 2000 data (Brook 2002) indicate that about 
36% of HVAC-related site electricity consumption in California’s large commercial buildings is 
used by supply, return, and exhaust fans. Supply and return fans use about 60% of this fan-
related energy, or about 22% of HVAC-related electricity consumption. This latter fraction is 
consistent with the midpoint of our range (17 to 33%). If we assume that the buildings that we 
simulated would use exhaust fan energy in the same proportion to supply and return fan energy 
as indicated by the CEC data, then our 17 to 33% supply and return fan energy fraction means 
that fans (supply, return, and exhaust) would use about 28 to 55% of HVAC-related electricity 
consumption. 
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Of particular interest are the fractional changes in site energy use resulting from duct leakage. 
These values are presented in the seven right-hand columns of Tables III-2a and III-2b. For 
10+10 leakage, total fan energy increases by 40 to 50%. Cooling plant energy also increases (7 to 
10%), but reheat energy decreases (3 to 10%). As described in the earlier discussion about 
dominant downstream leakage (Section 6.1), the reheat energy decreases with duct leakage due 
to VAV box operation at minimum turn down flows during reheating. In combination, the effect 
of fan and cooling energy increases (electrical), offset by reheat energy decreases (natural gas), 
increases total HVAC energy use by 2 to 14% for this case. 

Compared to the significant increases in the 10+10 case, the increases are much smaller for 5+5 
leakage: total fan energy increases by 10 to 14%, cooling plant energy increases by 2 to 3%, 
reheat energy decreases by 1 to 4%, and total HVAC energy increases by 0 to 4%. 

In almost half the cases, the reheat energy decrease exceeds the corresponding cooling plant 
energy increase, particularly when downstream leakage is large. In a few cases, added duct 
leakage actually results in a slight reduction in total HVAC energy use compared to the tight duct 
case. 

6.3 Equipment Sizing Considerations 
An additional effect that duct leakage has on system performance is to increase the required size 
of system components. Tables IV-1a and IV-1b in Appendix IV summarize the maximum fan, 
VAV box, and zone airflows and the peak coil loads that occur over the annual simulation for the 
54 cases that we analyzed. The impacts of duct leakage are presented in the four right-hand 
columns (fan airflows, VAV box airflows, and coil sizes), relative to the tight leakage case. 

The fan size requirement increases by about 16 to 21% for 10+10 leakage. Both cooling and 
reheat coil size requirements increase: 7 to 12% for the cooling coil, and 2 to 6% for the reheat 
coils. Compared to the significant increases in the 10+10 case, the equipment size increases are 
much smaller for 5+5 leakage: 5 to 6% for the supply fan, 2 to 3% for the cooling coil, and 1 to 
2% for the reheat coil. 

The size increases (especially for the 10+10 case) are important because they translate into 
increased equipment capital costs, which are in addition to the increased energy operating costs 
described below. 

6.4 HVAC System Operating Costs 
Using our system-to-plant energy regression equations with energy cost data enables us to extend 
the simulation results to estimate duct leakage impacts on HVAC system operating costs. In 
particular, we calculated annual operating costs using year 2000 average commercial sector 
energy prices for California: $0.0986/kWh and $7.71/Million Btu (EIA 2003). These prices 
include demand charges, averaged over the total consumption for the year. In the discussion that 
follows, we ignored the separate effects of energy demand changes on demand charges. If 
demand charges were included, we expect that the actual operating cost increases would be 
larger than those reported here, because the largest fractional increases in energy use coincide 
with medium to full load operation of the HVAC system. 

It is important to note that, because electrical energy costs much more (a factor of 3.7) than 
natural gas per unit of energy, the energy prices change the weighting of the energy contributions 
to the operating cost increases. Consequently, even the low total HVAC energy increases 
described in Section 6.2 still result in substantial cost increases in all but a few cases. 
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Tables V-1a and V-1b in Appendix V present our estimates of HVAC system annual operating 
costs for the various leakage cases, along with the changes in cost relative to the tight duct case. 
The combined chiller and cooling tower operating cost increase is equal to about half of the 
combined supply and return fan cost increase. Including the cost decreases associated with the 
heating plant, the total plant energy cost increase equals about one-third of the fan cost increase. 
For the 10+10 leakage case, HVAC system annual operating costs increase by 9 to 18% ($7,400 
to $9,500) relative to the tight duct case. The increase for 5+5 leakage is 2 to 5% ($1,800 to 
$2,700). 

The fractional and absolute cost increases do not necessarily correspond with each other, because 
the operating costs differ depending on building location and construction. For example, in the 
10+10 leakage case, Tables V-1a and V-1b show that the 9% fractional cost increase is achieved 
by a $7,500 increase relative to an $87,000 “tight duct” operating cost (“new” Pasadena CZ9 
building); the 18% fractional cost increase is achieved by an $8,200 increase relative to a 
$44,600 operating cost (“Title 24” Oakland CZ3 building). The $7,400 absolute cost increase is 
relative to a $63,300 operating cost (“Title 24” Pasadena CZ9 building) and corresponds to a 
fractional increase of about 12%; the $9,500 absolute increase is relative to a $77,300 operating 
cost (“old” Sacramento CZ12 building) and also corresponds to a fractional increase of about 
12%. 

6.5 Duct Sealing Cost Effectiveness 
Figure 18 shows the range of increases in HVAC system annual operating costs due to leakage 
for all climates and building vintages, relative to the tight duct system (about 5% total leakage). 
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Figure 18. Duct Leakage Impacts on Annual HVAC Operating Costs 

The values shown in Figure 18 assume that each floor’s HVAC system, which serves 15,000 ft2 
of conditioned floor area, has a duct surface area of 5,250 ft2. This surface area is based on 
commercial duct characterization data (Fisk et al. 2000). For large commercial HVAC systems, 
duct surface area ranges from 27 to 43% of the building floor area, and the area downstream of 
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the VAV boxes ranges from 50 to 75% of the total duct surface area. Using typical ratios of 35% 
for the duct to floor area and 60% for the downstream duct area fraction, the duct surface area is 
2,100 ft2 upstream and 3,150 ft2 downstream. Based on the total duct surface area (5,250 ft2), the 
operating costs compared to the tight system increase by 0.03 to 0.05 $/ft2 for the 5+5 leakage 
case, 0.08 to 0.11 $/ft2 for the 7.5+7.5 case, and 0.14 to 0.18 $/ft2 for the 10+10 leakage case. 

Duct sealing costs vary with fitting-to-straight-duct ratio, pressure class, and other system 
variables. Tsal et al. (1998) have suggested that an upper bound for the one-time cost of duct 
sealing is $0.25/ft2 of duct surface area. SMACNA has suggested that a reasonable average 
sealing cost is $0.20/ft2 for new commercial installations (Stratton 1998). SMACNA could not 
provide a sealing cost estimate for retrofitting existing systems due to wide cost variations 
resulting from system variables and sealing methods. 

Assuming a one-time duct sealing cost of $0.20/ft2, the average simple payback for the duct 
sealing is 5 years for the 5+5 leakage case, 2 years for the 7.5+7.5 case, and 1.3 years for the 
10+10 leakage case. 

7. CONCLUSIONS 
Our DOE-2/TRNSYS simulations indicate that a leaky VAV system (total leakage of about 
19%) will use about 40 to 50% more fan energy annually than a tight system (about 5% leakage). 
Annual cooling plant energy also increases by about 7 to 10%, but reheat energy decreases 
(about 3 to 10%). In combination, the increase in total annual HVAC site energy is 2 to 14%. 
The total HVAC site energy use includes supply and return fan electricity consumption, chiller 
and cooling tower electricity consumption, boiler electricity consumption, and boiler natural gas 
consumption. 

Using year 2000 average commercial sector energy prices for California ($0.0986/kWh and 
$7.71/Million Btu), the energy increases result in HVAC system annual operating cost increases 
ranging from 9 to 18% ($7,400 to $9,500). The low increases in total energy correspond to cases 
with large reductions in natural-gas-based reheat energy consumption due to the added leakage; 
the reheat reductions tend to offset the large electrical-based fan and cooling plant energy 
increases due to the added leakage. However, because electrical energy costs much more than 
natural gas per unit of energy, even the low total energy increases still result in substantial cost 
increases. 

Normalized by duct surface area, the increases in HVAC system annual operating costs are 0.14 
to 0.18 $/ft2 for the 19% leakage case. Using a suggested one-time duct sealing cost of $0.20/ft2 

of duct surface area, these results indicate that sealing leaky ducts in VAV systems has a simple 
payback period of about 1.3 years. Even with total leakage rates as low as 10%, duct sealing is 
still cost effective. This suggests that duct sealing should be considered at least for VAV systems 
with 10% or more total duct leakage. 

8. OTHER ISSUES AND IMPLICATIONS 
Before duct performance in large commercial buildings can be accounted for in Title 24 
nonresidential building energy standards, there are several issues that must be addressed and 
resolved. These include: 

1. Specifying reliable duct air leakage measurement techniques that can be practically 
applied in the large commercial building sector. 
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2. Defining the duct leakage condition for the standard building used in Title 24 compliance 
simulations. 

3. Assuring consistency between simulated duct performance impacts and actual impacts. 

4. Developing compliance tests for the Alternative Calculation Method (ACM) Approval 
Manual (CEC 2001b) to evaluate duct performance simulations. 

Regarding Issues 1 and 2, new duct air leakage measurement techniques for large commercial 
buildings are already under development at LBNL. These efforts are focused on developing a 
rapid technique that measures leakage flows rather than leakage area, and we expect that it could 
be used to populate a database of duct leakage conditions in the existing building stock. 

After the “typical” duct leakage for the building stock is defined, then a decision can be made 
about what duct leakage level to assign to the standard building. If the standard building 
description includes a typical duct air leakage rate, then proposed buildings will be rewarded for 
sealing ducts. If instead the standard building has a reduced leakage level, proposed buildings 
that are not sealed will be penalized. The decision about what leakage level to assume for the 
standard building description will depend upon the preparedness of the market to handle required 
duct efficiency improvements, as opposed to optional improvements. 

In terms of prescriptive compliance options, if the standard-building duct performance 
parameters are established to correspond to typical duct air leakage, determining compliance 
using the prescriptive approach is straightforward. If the proposed building has a typical duct air 
leakage level and has ducts insulated to Title 24 requirements, the building complies with respect 
to ducts. In other words with nothing done to improve duct performance in the building, it would 
meet the minimal duct performance level in this case. On the other hand, if the standard building 
has tighter-than-typical duct air leakage specifications, then compliance would require either 
performance measurements (i.e., duct air leakage measurements), or increased energy efficiency 
of other building components. 

With the standard building defined as having leaky ducts, improving the duct performance in the 
proposed building affects compliance only if the performance budget approach is used. If leaks 
are sealed as a compliance conservation measure, standardized testing methods must be adopted 
for the verification of reduced leakage rates. Leakage rates determined from the tests would be 
part of the duct performance input data in the performance compliance analysis for the proposed 
building. 

For Issue 3, one study has already shown through detailed minute-by-minute field measurements 
in a large commercial building that duct leakage has a significant impact on HVAC system 
performance (Diamond et al. 2003). The extensive set of HVAC system performance data 
collected by Diamond et al. could be used to validate simulation tools that are used to predict the 
duct performance impacts. 

Regarding Issue 4, several tests must be performed already on alternative calculation methods 
before they are approved. Although a test does not yet exist, the proper modeling of duct 
performance in these alternative methods should be evaluated as part of these capability tests. 
Given that the current two certified nonresidential compliance tools depend upon DOE-2.1E as 
the reference evaluation program, and that DOE-2.1E cannot properly account for duct thermal 
performance, it is expected that results obtained using an alternative calculation method that 
properly accounts for duct thermal performance might differ substantially from the reference 
program results. Thus, we recommend that a new reference program be identified for use at least 
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in this test (e.g., EnergyPlus). A prerequisite in this case is that the reference method be 
appropriately validated against field measurements. 

Three additional steps will be required to further develop duct-modeling capabilities that address 
limitations in existing models and to initiate strong market activity related to duct system 
improvements. We recommend that these steps include: 

1. Implementing duct models in user-friendly commercially-available software for building 
energy simulation, validating the implementations with case studies and demonstrations, 
and obtaining certification for software use as a primary or alternative compliance tool in 
support of the Title 24 Nonresidential Standards. 

2. Developing methodologies to deal with airflows entering VAV boxes from ceiling return 
plenums (e.g., to model parallel fan-powered VAV boxes), to deal with duct surface heat 
transfer effects, and to deal with static pressure reset and supply air temperature reset 
strategies. 

3. Transferring information to practitioners through publications, conferences, workshops, 
and other education programs. 

GLOSSARY 
ACM  Alternative Calculation Method 

ASHRAE American Society of Heating, Refrigerating, and Air-Conditioning Engineers 

CAV  Constant Air Volume 

CEC  California Energy Commission 

DOE  U.S. Department of Energy 

EDS  Efficient Distribution Systems 

EIA  Energy Information Administration 

GWh  Giga Watt hours, 109 Wh, 106 kWh 

HVAC  Heating, ventilating, and air conditioning 

LBNL  Lawrence Berkeley National Laboratory 

MW  Mega Watt, 106 W 

PIER  Public Interest Energy Research 

SMACNA Sheet Metal and Air Conditioning Contractors’ National Association 

VAV  Variable Air Volume 
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APPENDIX I: BUILDING SCHEDULES 

Table I-1. Heating Set-Point Schedule (°F) 

Weekday Saturday Sunday Holiday 
Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

1 5 60 1 5 60 1 5 60 1 5 60 
6 7 65 6 16 65 6 16 65 6 16 65 
8 18 70 17 24 60 17 24 60 17 24 60 
19 19 65          
20 24 60          

 

Table I-2. Cooling Set-Point Schedule (°F) 

Weekday Saturday Sunday Holiday 
Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop
(Hr) Value 

Start
(Hr) 

Stop
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

1 5 77 1 5 77 1 5 77 1 5 77 
6 18 73 6 18 73 6 18 73 6 18 73 
19 24 77 19 24 77 19 24 77 19 24 77 

 

Table I-3. Lighting Schedule (Fraction of Full Intensity) 

Weekday Saturday Sunday Holiday 
Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop
(Hr) Value 

Start
(Hr) 

Stop
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

1 4 5% 1 5 5% 1 5 5% 1 5 5% 
5 5 10% 6 6 10% 6 7 10% 6 7 10% 
6 6 20% 7 7 15% 8 17 15% 8 17 15% 
7 7 40% 8 14 25% 18 20 10% 18 20 10% 
8 8 70% 15 17 20% 21 24 5% 21 24 5% 
9 9 80% 18 18 15%       
10 17 85% 19 24 10%       
18 18 80%          
19 19 35%          
20 24 10%          
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Table I-4. Equipment Heat Gain Schedule (Fraction of Full Load) 

Weekday Saturday Sunday Holiday 
Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop
(Hr) Value 

Start
(Hr) 

Stop
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

1 5 15% 1 7 15% 1 7 15% 1 7 15% 
6 6 20% 8 8 20% 8 17 20% 8 17 20% 
7 7 35% 9 14 25% 18 24 15% 18 24 15% 
8 8 60% 15 17 20%       
9 16 70% 18 24 15%       
17 17 65%          
18 18 45%          
19 19 30%          
20 21 20%          
22 24 15%          

 

Table I-5. Air-Handler Operating Schedule (Supply and Return Fans) 

HVAC Fan (On/Off) 
Weekday Saturday Sunday Holiday 

Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop
(Hr) Value 

Start
(Hr) 

Stop
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

1 5 Off 1 5 Off 1 24 Off 1 24 Off 
6 20 On 6 15 On       
21 24 Off 16 24 Off       

 

Table I-6. Air Infiltration Schedule (Fraction of Full Infiltration Airflow) 

Infiltration (%) 
Weekday Saturday Sunday Holiday 

Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop
(Hr) Value 

Start
(Hr) 

Stop
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

1 5 100% 1 5 100% 1 24 100% 1 24 100% 
6 20 0% 6 15 0%       
21 24 100% 16 24 100%       
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Table I-7. Occupancy Schedule (Fraction of Full Occupancy) 

People (%) 
Weekday Saturday Sunday Holiday 

Start 
(Hr) 

Stop 
(Hr) Value 

Start 
(Hr) 

Stop
(Hr) Value 

Start
(Hr) 

Stop
(Hr) Value 

Start 
(Hr) 

Stop 
(Hr) Value 

1 4 0% 1 6 0% 1 7 0% 1 7 0% 
5 5 5% 7 7 5% 8 20 5% 8 20 5% 
6 6 10% 8 17 15% 21 24 0% 21 24 0% 
7 7 25% 18 20 5%       
8 11 65% 21 24 0%       
12 13 60%          
14 17 65%          
18 18 40%          
19 19 25%          
20 20 10%          
21 24 5%          
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APPENDIX II: REGRESSION EQUATIONS AND COEFFICIENTS 
This Appendix lists the plant energy regression equations and their coefficients that we 
developed to translate the intermediate floor cooling and heating coil loads (predicted by the 
TRNSYS air-handling system simulations) to plant energy consumption and demand (i.e., chiller 
electricity, cooling tower electricity, boiler electricity, and boiler fuel). 

Each equation correlates the energy demand predicted by DOE-2 in a given hour to the 
intermediate floor part load factor for that hour (PLRC for cooling, PLRH for heating). The part 
load factor is defined as the hourly coil load (summed over all zones on a floor, or over all zones 
in the building) divided by the maximum hourly coil load over all operating hours (summed over 
the corresponding floor or the entire building respectively). 

Tables II-1a through II-2b demonstrate that the part load ratio for a single intermediate floor can 
be used to represent the part load ratio for the entire building. Therefore, we used the PLR’s 
based on a single mid-height intermediate floor to translate the coil loads to plant energy 
consumption and demand. 

Table II-1a. Cooling Part Load Ratio Equation (PLRC) 
PLRC(Building ) = A x PLRC(Intermediate Floor) 

R2 Range: 1.000 

Climate Zone Building A 
CZ3 1980 0.994 

(Oakland) 1990 0.995 
 2005 0.995 

CZ9 1980 1.005 
(Pasadena) 1990 1.002 

 2005 0.997 
CZ12 1980 0.996 

(Sacramento) 1990 0.996 
 2005 0.997 

 

Table II-1b. Cooling Part Load Ratio - Example Values 

Cooling 
Part Load Ratio 

(Intermediate Floor)

Predicted Cooling 
Part Load Ratio 

(Whole Building) 
0 0 

0.1 0.099 
0.5 0.497 
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Table II-2a. Heating Part Load Ratio Equation (PLRH) 
PLRH(Building) = A x PLRH[Intermediate Floor] + B x PLRH[Intermediate Floor]2 

R2 Range: 0.9999 to 1.000 

Climate Zone Building A B 
CZ3 1980 0.984 0.020 

(Oakland) 1990 0.981 0.020 
 2005 0.980 0.026 

CZ9 1980 0.964 0.037 
(Pasadena) 1990 0.964 0.036 

 2005 0.953 0.046 
CZ12 1980 0.978 0.026 

(Sacramento) 1990 0.977 0.026 
 2005 0.971 0.035 

 

Table II-2b. Heating Part Load Ratio - Example Values 

Heating 
Part Load Ratio 

(Intermediate Floor)

Predicted Heating 
Part Load Ratio 

(Whole Building) 
0 0 

0.1 0.099 
0.5 0.497 

 

Each cooling equation that follows in Tables II-3a, II-3b, and II-4a represents the dimensional 
function f(PLR) that is used in the following relation: 

Hourly Energy Demand = (TRNSYS Loadmax, 10+10)/(DOE-2 Loadmax) * f(PLRC) 

where 

“TRNSYS Loadmax, 10+10” is the maximum hourly cooling coil total load (sensible plus 
latent) determined using TRNSYS for the selected intermediate floor over all operating 
hours in the simulation case for the specified climate and building vintage combination, 
for the case with the maximum duct leakage (which requires the largest fans and coils), 
and 

“DOE-2 Loadmax” is the maximum hourly cooling coil total load determined using DOE-2 
for the same floor, climate, and building vintage case. 

The ratio of the TRNSYS and DOE-2 coil loads serves as a correction to account for different 
equipment sizes. Specifically, we assume that plant size scales linearly with coil size. This means 
that an air-handling system with duct leakage (simulated by TRNSYS) that uses a cooling coil 
50% larger than the one used in the associated DOE-2 simulation (with no duct leakage) will 
result in 50% more chiller and cooling tower electricity being consumed at a given part load. 

In the equation above, the parameter PLRC is the hourly coil part load factor determined using 
the hourly and maximum cooling coil loads from TRNSYS for the same floor, climate, and 
building vintage case: 
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PLRChour = TRNSYS Loadhour/ TRNSYS Loadmax, 10+10 

The PLRChour relation assumes that the same size fans and coils are used within a given climate 
and building vintage set of cases regardless of the leakage condition, and that the equipment 
sizes in those cases are based on the sizes required to meet the loads in the maximum leakage 
condition. 

A similar set of relations is used with the heating equations in Tables II-5a, II-5b, II-6a, and II-
6b, which depend on PLRH rather than PLRC. 

Table II-3a. Chiller Electricity Equation - Low PLRC 
(PLRC[Intermediate Floor] <=~0.09) 

Chiller Electricity (Building, kW) = A + B x PLRC[Intermediate Floor] 

R2 Range: 0.9999 to 1.0000 

Climate Zone Building PLRC<= A B 
CZ3 1980 0.089 9.185 426.201 

(Oakland) 1990 0.089 8.938 415.787 
 2005 0.091 7.310 335.231 

CZ9 1980 0.086 12.395 602.760 
(Pasadena) 1990 0.091 12.088 549.800 

 2005 0.097 10.283 438.590 
CZ12 1980 0.093 13.158 592.039 

(Sacramento) 1990 0.093 12.684 566.690 
 2005 0.095 9.890 435.552 

 

Table II-3b. Chiller Electricity Equation - High PLRC 
(PLRC[Intermediate Floor] >~ 0.09) 

Chiller Electricity (Building, kW) = 
A + B x PLRC[Intermediate Floor] + C x PLRC[Intermediate Floor]2 

R2 Range: 0.9997 to 0.9998 

Climate Zone Building PLRC> A B C 
CZ3 1980 0.089 41.674 54.981 65.847 

(Oakland) 1990 0.089 40.672 53.564 63.780 
 2005 0.091 33.277 43.117 50.759 

CZ9 1980 0.086 56.763 74.223 101.610 
(Pasadena) 1990 0.091 55.621 66.529 87.714 

 2005 0.097 47.259 52.271 68.044 
CZ12 1980 0.093 60.760 69.440 97.390 

(Sacramento) 1990 0.093 58.561 66.482 92.559 
 2005 0.095 45.499 51.773 69.780 
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Table II-3c. Chiller Electricity Consumption - Example Values 

Cooling 
Part Load Ratio 

(Intermediate Floor)

Predicted Chiller 
Electricity Consumption 

(kW) 
(Whole Building) 

0 0 
0.08 43.3 
0.50 85.6 

 

Table II-4a. Cooling Tower Electricity Equation 
Cooling Tower Electricity (Building, kW) =  

A + B x PLRC[Intermediate Floor] + C x PLRC[Intermediate Floor]2 +  
D x PLRC[Intermediate Floor]3 + E x PLRC[Intermediate Floor]4 

R2 Range: 0.9338 to 0.9997 

Climate Zone Building A B C D E 
CZ3 1980 14.614 1.591 7.699 -9.158 4.965 

(Oakland) 1990 14.267 1.514 7.547 -9.048 4.907 
 2005 11.669 1.252 6.139 -7.374 4.011 

CZ9 1980 19.859 0.208 27.112 -62.199 51.365 
(Pasadena) 1990 19.390 0.296 22.953 -50.140 38.975 

 2005 16.325 3.979 -2.383 0.365 6.147 
CZ12 1980 20.955 2.906 7.532 -15.125 15.643 

(Sacramento) 1990 20.198 2.783 7.468 -15.694 15.968 
  2005 15.724 3.131 0.236 -0.982 5.966 

 

Table II-4b. Cooling Tower Electricity Consumption - Example Values 

Cooling 
Part Load Ratio 

(Intermediate Floor)

Predicted Cooling Tower 
Electricity Consumption 

(kW) 
(Whole Building) 

0 0.000 
0.5 16.500 
0.8 18.159 
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Table II-5a. Boiler Electricity Equation - Low PLRH 
(PLRH[Intermediate Floor] <= ~ 0.40) 

Boiler Electricity (Building, kW) =  
A + B x PLRH[Intermediate Floor] + C x PLRH[Intermediate Floor]2 

R2 Range: 0.9924 to 0.9977 

Climate Zone Building PLRH <= A B C 
CZ3 1980 0.387 0.530 57.568 2.401 

(Oakland) 1990 0.370 0.495 56.688 2.303 
 2005 0.410 0.402 41.619 1.344 

CZ9 1980 0.310 0.392 54.011 7.356 
(Pasadena) 1990 0.315 0.371 52.832 4.766 

 2005 0.348 0.322 34.293 4.139 
CZ12 1980 0.357 0.661 74.052 8.906 

(Sacramento) 1990 0.335 0.583 72.013 5.284 
 2005 0.345 0.380 43.743 5.713 

 

Table II-5b. Boiler Electricity Equation - High PLRH 
(PLRH[Intermediate Floor] > ~ 0.40) 

Boiler Electricity (Building, kW) = A 

R2 Range: 1.000 

Climate Zone Building PLRH > A 
CZ3 1980 0.387 23.195 

(Oakland) 1990 0.370 21.731 
 2005 0.410 17.797 

CZ9 1980 0.310 17.966 
(Pasadena) 1990 0.315 17.478 

 2005 0.348 12.747 
CZ12 1980 0.357 28.270 

(Sacramento) 1990 0.335 25.661 
 2005 0.345 16.149 

 

Table II-5c. Boiler Electricity Consumption - Example Values 

Heating 
Part Load Ratio 

(Intermediate Floor)

Predicted Boiler 
Electricity Consumption 

(kW) 
(Whole Building) 

0 0.0 
0.2 12.1 
0.5 23.2 
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Table II-6a. Boiler Fuel Equation - Low PLRH 
(PLRH[Intermediate Floor] <= ~ 0.40) 

Boiler Fuel (Building, Btu/h) =  
A + B x PLRH[Intermediate Floor] + C x PLRH[Intermediate Floor]2 

R2 Range: 0.9990 to 0.9997 

Climate Zone Building PLRH <= A B C 
CZ3 1980 0.387 33,611 3,648,544 152,214 

(Oakland) 1990 0.370 31,341 3,592,824 145,799 
 2005 0.410 25,463 2,637,797 84,964 

CZ9 1980 0.310 24,834 3,423,115 466,319 
(Pasadena) 1990 0.315 23,536 3,348,410 301,913 

 2005 0.348 20,388 2,173,399 262,440 
CZ12 1980 0.357 41,880 4,693,275 564,484 

(Sacramento) 1990 0.335 37,007 4,563,984 335,031 
  2005 0.345 24,089 2,772,405 361,904 

 

Table II-6b. Boiler Fuel Equation - High PLRH 
(PLRH[Intermediate Floor] > ~ 0.40) 

Boiler Fuel (Building, Btu/h) = A + B x PLRH[Intermediate Floor] 

R2 Range: 0.9984 to 0.9996 

Climate Zone Building PLRH > A B 
CZ3 1980 0.387 447,637 2,651,439 

(Oakland) 1990 0.370 423,385 2,603,255 
 2005 0.410 333,343 1,934,786 

CZ9 1980 0.310 365,870 2,538,821 
(Pasadena) 1990 0.315 356,207 2,452,285 

 2005 0.348 244,708 1,646,832 
CZ12 1980 0.357 562,719 3,462,940 

(Sacramento) 1990 0.335 516,927 3,318,081 
  2005 0.345 319,932 2,068,909 

 

Table II-6c. Boiler Fuel Consumption - Example Values 

Heating 
Part Load Ratio 

(Intermediate Floor)

Predicted Boiler 
Fuel Consumption 

(Btu/h) 
(Whole Building) 

0 0 
0.2 769,400 
0.5 1,773,400 
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APPENDIX III: ENERGY PERFORMANCE IMPACTS 

Table III-1. Leakage Impacts on Annual Energy Use 

Supply Return Both Cooling Reheat Chiller Tower Cooling Boiler Boiler Heating Total Total
CZ Vintage Fan Fan Fans Coil Coils Electricity Electricity Energy Electricity Fuel Energy Electricity Energy

Old 141 49 190 1,201 232 297 77 374 13 257 270 578 835
New 141 49 190 1,194 204 292 75 367 12 236 249 570 806
T24 121 43 164 1,041 146 255 67 322 8 154 162 494 648
Old 134 47 181 2,572 323 531 104 635 19 406 425 835 1,241
New 133 47 179 2,626 421 513 103 616 24 524 548 819 1,343
T24 109 39 148 2,120 175 415 91 505 9 200 209 663 862
Old 154 54 208 2,162 385 439 94 532 23 441 464 763 1,204
New 152 53 205 2,101 332 423 90 513 20 400 420 739 1,139
T24 118 42 160 1,737 184 350 77 427 11 215 226 597 813

Old 122 43 165 1,109 235 285 76 361 14 261 275 540 801
New 122 43 165 1,107 208 281 75 355 13 241 254 532 773
T24 105 37 142 959 148 245 66 311 8 156 164 461 616
Old 117 41 159 2,466 334 516 103 618 19 421 440 796 1,217
New 117 41 158 2,495 437 495 102 597 25 543 568 780 1,323
T24 95 34 129 2,026 180 403 90 493 10 206 216 632 837
Old 134 47 181 2,077 389 427 93 520 23 446 469 724 1,169
New 132 46 178 2,019 336 412 90 502 21 405 425 701 1,105
T24 102 36 139 1,667 186 340 76 417 11 218 229 566 784

Old 120 42 162 1,096 242 283 76 359 14 269 283 535 804
New 119 42 161 1,091 216 279 75 353 13 250 263 528 778
T24 102 36 138 943 152 243 66 309 8 160 168 455 615
Old 120 42 162 2,492 359 520 103 623 21 452 473 805 1,257
New 121 43 164 2,534 470 501 102 603 27 583 610 793 1,376
T24 95 34 129 2,031 191 404 90 494 10 219 229 633 852
Old 132 47 179 2,070 396 426 93 518 24 454 478 721 1,176
New 131 46 177 2,010 344 410 90 500 21 415 436 698 1,113
T24 101 36 136 1,656 190 339 76 415 11 224 235 563 787

Old 110 39 148 1,044 232 276 76 352 13 257 270 513 770
New 109 38 148 1,042 204 272 74 346 12 236 249 506 743
T24 94 33 127 904 146 237 66 303 8 154 162 438 592
Old 102 36 138 2,347 323 498 101 599 19 406 425 756 1,162
New 102 36 137 2,365 421 478 101 579 24 524 548 740 1,264
T24 84 30 113 1,940 175 392 89 482 9 200 209 604 804
Old 119 42 161 2,010 385 417 93 510 23 441 464 693 1,135
New 117 41 159 1,955 332 403 90 492 20 400 420 671 1,071
T24 91 32 124 1,615 184 333 76 409 11 215 226 543 759

Old 107 38 144 1,028 239 274 76 350 14 265 279 508 773
New 107 38 144 1,026 212 270 74 344 13 246 259 501 747
T24 91 32 124 885 150 235 66 301 8 158 166 433 591
Old 104 37 141 2,369 346 501 101 603 20 436 456 764 1,200
New 105 37 142 2,401 453 483 101 584 26 563 589 751 1,314
T24 84 30 113 1,942 185 392 89 482 10 212 222 605 817
Old 117 41 158 2,001 392 416 93 509 23 450 473 691 1,141
New 116 41 156 1,945 340 401 89 491 21 410 431 668 1,078
T24 89 32 121 1,603 188 332 76 408 11 221 232 540 761

Old 94 33 128 953 242 264 76 339 14 269 283 481 750
New 94 33 127 952 216 260 74 334 13 250 264 474 725
T24 80 29 109 820 152 226 66 292 8 160 168 409 569
Old 93 33 126 2,282 359 489 101 589 21 452 473 737 1,189
New 95 34 128 2,314 470 472 101 572 27 583 610 727 1,310
T24 74 26 101 1,866 191 383 89 472 10 219 229 583 802
Old 104 37 140 1,933 396 406 92 499 24 455 478 663 1,117
New 102 36 139 1,878 344 392 89 481 21 415 437 641 1,056
T24 79 28 107 1,546 190 324 76 400 11 224 235 518 742

3

3

2.5 + 10 (Upstream + Downstream) Leaks

3

12

9

3

3

9

9

2.5 + 2.5 (Upstream + Downstream) Leaks

7.5 + 7.5 (Upstream + Downstream) Leaks

10 + 2.5 (Upstream + Downstream) Leaks

3

9

12

Annual Site Energy Use [MWh]

9

12

12

12

12

9

10 + 10 (Upstream + Downstream) Leaks

5 + 5 (Upstream + Downstream) Leaks
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Table III-2a. Fractional Impacts of Leakage on Energy Uses 

Both Cooling Heating Both Cooling Heating Both Cooling Reheat Cooling Heating Total Total
CZ Vintage Fans Energy Energy Fans Energy Energy Fans Coil Coils Energy Energy Electricity Energy

Old 23 45 32 33 65 2 49 26 -4 10 -5 20 11
New 24 46 31 33 65 2 49 25 -5 10 -6 20 11
T24 25 50 25 33 65 2 50 27 -4 10 -4 21 14
Old 15 51 34 22 76 2 43 13 -10 8 -10 13 4
New 13 46 41 22 75 3 40 13 -10 8 -10 13 2
T24 17 59 24 22 76 1 47 14 -9 7 -9 14 8
Old 17 44 39 27 70 3 48 12 -3 7 -3 15 8
New 18 45 37 28 69 3 48 12 -3 7 -4 15 8
T24 20 53 28 27 71 2 50 12 -3 7 -4 15 10
Avg 19 49 32 27 70 2 47 17 -6 8 -6 16 8
Min 13 44 24 22 65 1 40 12 -10 7 -10 13 2
Max 25 59 41 33 76 3 50 27 -3 10 -3 21 14

Old 21 45 34 31 67 3 29 16 -3 6 -3 12 7
New 21 46 33 31 67 2 29 16 -4 6 -4 12 7
T24 23 50 27 31 67 2 30 17 -2 6 -3 13 8
Old 13 51 36 20 78 2 25 8 -7 5 -7 8 2
New 12 45 43 20 77 3 23 8 -7 4 -7 7 1
T24 15 59 26 20 78 2 28 9 -6 4 -6 8 4
Old 15 44 40 25 72 3 29 7 -2 4 -2 9 5
New 16 45 38 25 72 3 29 7 -2 4 -3 9 5
T24 18 53 29 24 74 2 30 8 -2 4 -3 9 6
Avg 17 49 34 25 72 2 28 11 -4 5 -4 10 5
Min 12 44 26 20 67 2 23 7 -7 4 -7 7 1
Max 23 59 43 31 78 3 30 17 -2 6 -2 13 8

Old 20 45 35 30 67 3 27 15 0 6 0 11 7
New 21 45 34 31 67 2 27 15 0 6 0 11 7
T24 22 50 27 30 68 2 27 15 0 6 0 11 8
Old 13 50 38 20 77 3 28 9 0 6 0 9 6
New 12 44 44 21 76 3 28 10 0 5 0 9 5
T24 15 58 27 20 78 2 28 9 0 5 0 9 6
Old 15 44 41 25 72 3 28 7 0 4 0 9 5
New 16 45 39 25 72 3 27 7 0 4 0 9 5
T24 17 53 30 24 74 2 28 7 0 4 0 9 6
Avg 17 48 35 25 72 3 27 10 0 5 0 10 6
Min 12 44 27 20 67 2 27 7 0 4 0 9 5
Max 22 58 44 31 78 3 28 15 0 6 0 11 8

Electrical Use [%] Energy Increase Due to Leakage [%]Total Energy Use [%]

3

9

12

3

9

12

3

9

12

10 + 2.5 (Upstream + Downstream) Leaks

7.5 + 7.5 (Upstream + Downstream) Leaks

10 + 10 (Upstream + Downstream) Leaks
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Table III-2b. Fractional Impacts of Leakage on Energy Uses 

Both Cooling Heating Both Cooling Heating Both Cooling Reheat Cooling Heating Total Total
CZ Vintage Fans Energy Energy Fans Energy Energy Fans Coil Coils Energy Energy Electricity Energy

Old 19 46 35 29 69 3 16 10 -4 4 -5 7 3
New 20 47 34 29 68 2 16 9 -5 4 -6 7 3
T24 22 51 27 29 69 2 17 10 -4 4 -4 7 4
Old 12 52 37 18 79 2 9 3 -10 2 -10 3 -2
New 11 46 43 19 78 3 7 2 -10 1 -10 2 -4
T24 14 60 26 19 80 2 12 4 -9 2 -9 4 0
Old 14 45 41 23 74 3 14 4 -3 2 -3 5 2
New 15 46 39 24 73 3 15 4 -3 2 -4 5 1
T24 16 54 30 23 75 2 16 4 -3 2 -4 5 2
Avg 16 50 35 24 74 2 14 6 -6 3 -6 5 1
Min 11 45 26 18 68 2 7 2 -10 1 -10 2 -4
Max 22 60 43 29 80 3 17 10 -3 4 -3 7 4

5 + 5 (Upstream + Downstream) Leaks
Old 19 45 36 28 69 3 13 8 -1 3 -2 6 3
New 19 46 35 29 69 3 13 8 -2 3 -2 6 3
T24 21 51 28 29 70 2 14 8 -1 3 -1 6 4
Old 12 50 38 18 79 3 11 4 -3 2 -4 4 1
New 11 44 45 19 78 3 10 4 -4 2 -3 3 0
T24 14 59 27 19 80 2 12 4 -3 2 -3 4 2
Old 14 45 41 23 74 3 13 4 -1 2 -1 4 2
New 15 46 40 23 73 3 13 4 -1 2 -1 4 2
T24 16 54 30 22 76 2 13 4 -1 2 -1 4 3
Avg 16 49 36 23 74 3 13 5 -2 2 -2 5 2
Min 11 44 27 18 69 2 10 4 -4 2 -4 3 0
Max 21 59 45 29 80 3 14 8 -1 3 -1 6 4

Old 17 45 38 27 71 3
New 18 46 36 27 70 3
T24 19 51 30 27 71 2
Old 11 50 40 17 80 3
New 10 44 47 18 79 4
T24 13 59 29 17 81 2
Old 13 45 43 21 75 4
New 13 46 41 22 75 3
T24 14 54 32 21 77 2
Avg 14 49 37 22 75 3
Min 10 44 29 17 70 2
Max 19 59 47 27 81 4

9

12

3

3

9

12

9

12

3

2.5 + 2.5 (Upstream + Downstream) Leaks

Total Energy Use [%] Electrical Use [%] Energy Increase Due to Leakage [%]

2.5 + 10 (Upstream + Downstream) Leaks
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APPENDIX IV: EQUIPMENT SIZING IMPACTS 

Table IV-1a. Leakage Impacts on Equipment Sizing 

Supply VAV Zone Avg RMS Cooling Reheat Supply VAV Cooling Reheat
CZ Vintage Fan Boxes Supply Coil Coils Fan Boxes Coil Coils

Old 14,615 13,311 11,980 0.57 0.13 138 77 16 8 8 5
New 14,513 13,212 11,891 0.57 0.14 134 69 16 8 8 5
T24 11,317 10,264 9,238 0.62 0.13 119 59 17 8 8 6
Old 18,078 15,956 14,361 0.59 0.09 155 52 19 8 7 2
New 17,988 15,612 14,051 0.63 0.07 160 54 21 8 12 2
T24 12,756 11,235 10,111 0.65 0.09 141 38 19 8 9 4
Old 17,463 15,774 14,197 0.58 0.12 175 99 17 8 8 6
New 17,001 15,363 13,826 0.58 0.13 169 86 17 8 8 5
T24 11,719 10,503 9,453 0.65 0.12 142 53 18 8 9 5

Avg 0.61 0.11 18 8 9 4
Min 0.57 0.07 16 8 7 2
Max 0.65 0.14 21 8 12 6

Old 13,877 12,951 11,980 0.57 0.13 134 75 10 5 5 3
New 13,779 12,855 11,891 0.58 0.13 131 68 10 5 5 3
T24 10,735 9,987 9,238 0.62 0.13 116 58 11 5 5 4
Old 17,031 15,525 14,361 0.60 0.08 151 52 12 5 5 1
New 16,877 15,190 14,051 0.64 0.07 149 54 13 5 5 1
T24 12,011 10,931 10,111 0.66 0.09 137 37 12 5 6 2
Old 16,547 15,348 14,197 0.58 0.12 170 97 11 5 5 4
New 16,110 14,947 13,826 0.58 0.13 164 85 11 5 5 3
T24 11,083 10,219 9,453 0.65 0.12 137 52 11 5 6 3

Avg 0.61 0.11 11 5 5 3
Min 0.57 0.07 10 5 5 1
Max 0.66 0.13 13 5 6 4

Old 13,491 12,287 11,980 0.58 0.12 133 73 7 0 4 0
New 13,396 12,196 11,891 0.58 0.13 130 66 7 0 4 0
T24 10,447 9,475 9,238 0.63 0.12 115 56 8 0 4 0
Old 16,687 14,729 14,361 0.61 0.08 151 51 10 0 5 0
New 16,605 14,411 14,051 0.66 0.06 152 53 11 0 7 0
T24 11,775 10,370 10,111 0.67 0.08 137 36 10 0 5 0
Old 16,120 14,561 14,197 0.59 0.11 169 93 8 0 4 0
New 15,693 14,181 13,826 0.59 0.12 163 82 8 0 4 0
T24 10,818 9,695 9,453 0.66 0.11 136 51 9 0 5 0

Avg 0.62 0.10 9 0 5 0
Min 0.58 0.06 7 0 4 0
Max 0.67 0.13 11 0 7 0

9

12

9

12

3

9

12

3

3

Maximum Airflows [scfm] Maximum Load [kW] Increase Due to Leakage [%]Zone Part Load Flow Ratio

10 + 10 (Upstream + Downstream) Leaks

7.5 + 7.5 (Upstream + Downstream) Leaks

10 + 2.5 (Upstream + Downstream) Leaks
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Table IV-1b. Leakage Impacts on Equipment Sizing 

Supply VAV Zone Avg RMS Cooling Reheat Supply VAV Cooling Reheat
CZ Vintage Fan Boxes Supply Coil Coils Fan Boxes Coil Coils

Old 13,612 13,311 11,980 0.57 0.13 132 77 8 8 3 5
New 13,512 13,212 11,891 0.57 0.14 129 69 8 8 3 5
T24 10,507 10,264 9,238 0.62 0.13 114 59 8 8 4 6
Old 16,446 15,956 14,361 0.59 0.09 148 52 8 8 3 2
New 16,160 15,612 14,051 0.63 0.07 143 54 8 8 1 2
T24 11,586 11,235 10,111 0.65 0.09 134 38 8 8 3 4
Old 16,164 15,774 14,197 0.58 0.12 167 99 8 8 4 6
New 15,741 15,363 13,826 0.58 0.13 161 86 8 8 3 5
T24 10,784 10,503 9,453 0.65 0.12 134 53 8 8 4 5

Avg 0.61 0.11 8 8 3 4
Min 0.57 0.07 8 8 1 2
Max 0.65 0.14 8 8 4 6

Old 13,195 12,610 11,980 0.58 0.13 131 74 5 3 2 1
New 13,101 12,517 11,891 0.58 0.13 127 67 5 3 2 1
T24 10,197 9,724 9,238 0.62 0.13 113 57 5 3 3 2
Old 16,068 15,116 14,361 0.61 0.08 147 51 6 3 2 1
New 15,857 14,790 14,051 0.65 0.06 145 54 6 3 2 1
T24 11,326 10,643 10,111 0.66 0.09 133 37 6 3 3 1
Old 15,702 14,944 14,197 0.58 0.12 166 95 5 3 3 2
New 15,289 14,554 13,826 0.59 0.12 160 83 5 3 3 2
T24 10,496 9,951 9,453 0.66 0.11 133 51 5 3 3 1

Avg 0.61 0.11 5 3 2 1
Min 0.58 0.06 5 3 2 1
Max 0.66 0.13 6 3 3 2

Old 12,565 12,287 11,980 0.58 0.12 128 73
New 12,473 12,196 11,891 0.58 0.13 125 66
T24 9,699 9,475 9,238 0.63 0.12 110 56
Old 15,181 14,729 14,361 0.61 0.08 144 51
New 14,917 14,411 14,051 0.66 0.06 142 53
T24 10,695 10,370 10,111 0.67 0.08 130 36
Old 14,921 14,561 14,197 0.59 0.11 162 94
New 14,530 14,181 13,826 0.59 0.12 156 82
T24 9,954 9,695 9,453 0.66 0.11 130 51

Avg 0.62 0.10
Min 0.58 0.06
Max 0.67 0.13

3

9

12

9

12

12

3

3

9

2.5 + 10 (Upstream + Downstream) Leaks

5 + 5 (Upstream + Downstream) Leaks

2.5 + 2.5 (Upstream + Downstream) Leaks

Maximum Airflows [scfm] Zone Part Load Flow Ratio Maximum Load [kW] Increase Due to Leakage [%]
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APPENDIX V: OPERATING COST IMPACTS 

Table V-1a. Leakage Impacts on Annual HVAC System Operating Costs 

Both Fans Cooling Heating
CZ Vintage Fans Cooling Heating Total $/yr $/yr $/yr $/yr % $/ft2

Old 18,754 36,907 8,088 63,749 6,170 3,457 -390 9,237 17 0.18
New 18,721 36,227 7,435 62,383 6,172 3,320 -445 9,047 17 0.17
T24 16,134 31,793 4,842 52,769 5,409 2,994 -198 8,204 18 0.16
Old 17,848 62,643 12,523 93,014 5,376 4,533 -1,422 8,487 10 0.16
New 17,694 60,689 16,127 94,510 5,049 4,264 -1,837 7,475 9 0.14
T24 14,598 49,836 6,178 70,611 4,658 3,299 -605 7,352 12 0.14
Old 20,489 52,490 13,851 86,831 6,638 3,334 -435 9,538 12 0.18
New 20,254 50,630 12,508 83,392 6,592 3,163 -506 9,249 12 0.18
T24 15,782 42,077 6,715 64,574 5,249 2,675 -283 7,642 13 0.15

Avg 74,648 5,701 3,449 -680 8,470 13 0.16
Min 52,769 4,658 2,675 -1,837 7,352 9 0.14
Max 94,510 6,638 4,533 -198 9,538 18 0.18

Old 16,270 35,594 8,217 60,081 3,685 2,145 -261 5,569 10 0.11
New 16,235 35,014 7,583 58,832 3,686 2,107 -298 5,496 10 0.10
T24 13,958 30,662 4,908 49,528 3,233 1,862 -132 4,963 11 0.09
Old 15,631 60,971 12,974 89,576 3,159 2,861 -970 5,050 6 0.10
New 15,602 58,853 16,724 91,178 2,957 2,427 -1,240 4,144 5 0.08
T24 12,689 48,618 6,378 67,685 2,750 2,081 -405 4,426 7 0.08
Old 17,803 51,262 13,997 83,062 3,952 2,106 -289 5,769 7 0.11
New 17,588 49,465 12,674 79,726 3,925 1,999 -340 5,583 8 0.11
T24 13,659 41,103 6,808 61,569 3,126 1,701 -191 4,637 8 0.09

Avg 71,249 3,386 2,143 -458 5,071 8 0.10
Min 49,528 2,750 1,701 -1,240 4,144 5 0.08
Max 91,178 3,952 2,861 -132 5,769 11 0.11

Old 15,967 35,402 8,477 59,846 3,382 1,953 -1 5,334 10 0.10
New 15,916 34,828 7,880 58,624 3,368 1,921 -1 5,288 10 0.10
T24 13,606 30,467 5,039 49,113 2,881 1,668 -1 4,548 10 0.09
Old 15,953 61,399 13,943 91,295 3,480 3,290 -1 6,769 8 0.13
New 16,124 59,437 17,963 93,523 3,479 3,012 -1 6,489 7 0.12
T24 12,747 48,672 6,782 68,201 2,808 2,135 0 4,942 8 0.09
Old 17,665 51,120 14,284 83,070 3,814 1,965 -2 5,777 7 0.11
New 17,413 49,302 13,013 79,728 3,751 1,836 -1 5,585 8 0.11
T24 13,449 40,939 6,997 61,385 2,916 1,537 -1 4,452 8 0.08

Avg 71,643 3,320 2,146 -1 5,465 8 0.10
Min 49,113 2,808 1,537 -2 4,452 7 0.08
Max 93,523 3,814 3,290 0 6,769 10 0.13

Annual Operating Cost [$]
Total

Cost Increase Due to Leakage

10 + 10 (Upstream + Downstream) Leaks
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3
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7.5 + 7.5 (Upstream + Downstream) Leaks

10 + 2.5 (Upstream + Downstream) Leaks
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Table V-1b. Leakage Impacts on Annual HVAC System Operating Costs 

Both Fans Cooling Heating
CZ Vintage Fans Cooling Heating Total $/yr $/yr $/yr $/yr % $/ft2

Old 14,598 34,682 8,089 57,369 2,014 1,233 -389 2,857 5 0.05
New 14,577 34,116 7,436 56,129 2,028 1,209 -445 2,793 5 0.05
T24 12,567 29,868 4,843 47,277 1,842 1,068 -197 2,713 6 0.05
Old 13,652 59,087 12,524 85,263 1,180 978 -1,421 737 1 0.01
New 13,553 57,074 16,128 86,754 908 648 -1,836 -280 0 -0.01
T24 11,156 47,481 6,178 64,815 1,217 944 -605 1,556 2 0.03
Old 15,826 50,291 13,853 79,970 1,975 1,135 -433 2,677 3 0.05
New 15,660 48,535 12,510 76,704 1,998 1,068 -505 2,562 3 0.05
T24 12,183 40,355 6,716 59,254 1,650 953 -282 2,321 4 0.04

Avg 68,171 1,646 1,026 -679 1,993 3 0.04
Min 47,277 908 648 -1,836 -280 0 -0.01
Max 86,754 2,028 1,233 -197 2,857 6 0.05

Old 14,244 34,494 8,346 57,084 1,660 1,044 -131 2,573 5 0.05
New 14,208 33,917 7,731 55,857 1,660 1,010 -149 2,520 5 0.05
T24 12,182 29,678 4,973 46,833 1,457 879 -67 2,269 5 0.04
Old 13,874 59,428 13,452 86,754 1,401 1,318 -492 2,227 3 0.04
New 13,952 57,581 17,336 88,869 1,307 1,155 -627 1,835 2 0.03
T24 11,164 47,504 6,579 65,247 1,225 967 -203 1,988 3 0.04
Old 15,625 50,185 14,140 79,951 1,774 1,030 -146 2,658 3 0.05
New 15,425 48,406 12,842 76,673 1,762 940 -172 2,530 3 0.05
T24 11,936 40,227 6,901 59,065 1,404 826 -97 2,132 4 0.04

Avg 68,481 1,516 1,019 -232 2,303 4 0.04
Min 46,833 1,225 826 -627 1,835 2 0.03
Max 88,869 1,774 1,318 -67 2,658 5 0.05

Old 12,585 33,450 8,478 54,512
New 12,549 32,907 7,881 53,336
T24 10,725 28,799 5,040 44,564
Old 12,472 58,110 13,944 84,526
New 12,645 56,426 17,964 87,035
T24 9,939 46,537 6,783 63,259
Old 13,852 49,156 14,285 77,293
New 13,662 47,466 13,014 74,143
T24 10,533 39,401 6,998 56,933

Avg 66,178
Min 44,564
Max 87,035
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9

12
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2.5 + 10 (Upstream + Downstream) Leaks

5 + 5 (Upstream + Downstream) Leaks

2.5 + 2.5 (Upstream + Downstream) Leaks

Annual Operating Cost [$] Cost Increase Due to Leakage
Total
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