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ABSTRACT

This project addressed two significant deficiencies in air-handling systems for large commercial
building: duct leakage and duct static pressure reset. Both constitute significant energy reduction
opportunities for these buildings.

The overall project goal is to bridge the gaps in current duct performance modeling capabilities,
and to expand our understanding of air-handling system performance in California large
commercial buildings. The purpose of this project is to provide technical support for the
implementation of a duct leakage modeling capability in EnergyPlus, to demonstrate the
capabilities of the new model, and to carry out analyses of field measurements intended to
demonstrate the energy saving potential of the SAV with InCITe™ duct static pressure reset
(SPR) technology.

A new duct leakage model has been successfully implemented in EnergyPlus, which will enable
simulation users to assess the impacts of leakage on whole-building energy use and operation in
a coupled manner. This feature also provides a foundation to support code change proposals and
compliance analyses related to Title 24 where duct leakage is an issue. Our example simulations
continue to show that leaky ducts substantially increase fan power: 10% upstream and 10%
downstream leakage increases supply fan power 30% on average compared to a tight duct system
(2.5% upstream and 2.5% downstream leakage). Much of this increase is related to the upstream
leakage rather than to the downstream leakage. This does not mean, however, that downstream
leakage is unimportant. Our simulations also demonstrate that ceiling heat transfer is a
significant effect that needs to be included when assessing the impacts of duct leakage in large
commercial buildings. This is not particularly surprising, given that “ceiling regain” issues have
already been included in residential analyses as long as a decade ago (e.g., ASHRAE Standard
152); mainstream simulation programs that are used for large commercial building energy
analyses have not had this capability until now.

Our analyses of data that we collected during our 2005 tests of the SAV with InCITe™ duct
static pressure reset technology show that this technology can substantially reduce fan power (in
this case, by about 25 to 30%). Tempering this assessment, however, is that cooling and heating
coil loads were observed to increase or decrease significantly depending on the time window
used. Their impact on cooling and heating plant power needs to be addressed in future studies;
without translating the coil loads to plant equipment energy use, it is not possible to judge the net
impact of this SPR technology on whole-building energy use. If all of the loads had decreased,
such a step would not be as necessary.

Keywords: airflow, buildings, duct, energy, fan, HVAC, power, retrofits, simulation, system



INTRODUCTION

Overview

Typically in North American large commercial buildings, central HVAC systems supply heated
or cooled air to conditioned spaces through a complex network of ducts. Fans generate the large
pressure rises needed to circulate the air through the typically long duct runs; the associated fan
power is a substantial fraction of HVAC energy use. For example, based on Year 2000 energy
estimates by the California Energy Commission (Brook 2002), site electricity consumption for
commercial buildings in California was 91,800 GWh that year, with a peak demand of 20,200
MW; 27% (25,200 GWh) of this energy and 50% (10,200 MW) of this peak demand were
related to HVAC equipment operation. The CEC also estimates that 39% (9,800 GWh) of this
HVAC consumption and 21% (2,100 MW) of this HVAC demand was associated with fan
operation; central system supply and return fans represented 56% (5,500 GWh) of this fan-
related consumption and 48% (1,000 MW) of this fan-related demand. National energy
consumption and peak demand values are on the order of ten times larger.

Although the energy efficiency of many HVAC components in commercial buildings has
substantially improved 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 handling system
itself, which links heating and cooling equipment to occupied spaces). For example, field tests by
Lawrence Berkeley National Laboratory (LBNL) in a dozen large commercial buildings suggest
that supply duct leakage is widespread and can be as large as 10 to 25% of air-handler flow
(Wray et al. 2005). Measurements by Diamond et al. (2003) in a large commercial building
confirmed research-grade simulation results (Franconi 1999; Wray and Matson 2003) that supply
duct leakage alone can significantly increase HVAC system energy consumption: adding 15%
leakage (referenced to the average flow through the supply fan during its operation) leads to a
fan energy increase of 25 to 35%.

Using a duct-static-pressure reset (SPR) control strategy to reduce duct static pressures (so that at
least one terminal box damper is nearly fully open) has the potential to save as much fan energy
as does sealing supply duct leaks. For example, recent measurements of duct static pressures by
Hydeman et al. (2003) and Federspiel (2005) in three large commercial buildings with variable-
air-volume (VAV) systems and constant duct-static-pressure set points showed that the set points
were 1.3 to 2.0 times what was needed to operate the system, even at maximum load. Assuming
a system is oversized about 60% (EPA 2008) and ignoring other effects on fan pressure rise and
efficiency, this suggests that supply fan energy might be reduced by about 25 to 50% in some
cases simply by using SPR control. Implementing fan staging strategies and correcting other fan
and duct system deficiencies (e.g., reversed fan rotation, belt slippage, inefficient motors, and
restrictive duct entries) offer further opportunities for savings.

California Title 24 (CEC 2008a) is one of the most advanced energy codes in the United States
and, like ASHRAE Standard 90.1 (2007), already requires SPR for new buildings with VAV
systems that include zone-level direct-digital controls (DDC). However, buildings without zone-
level DDC, which includes at least half of the building stock (Brook 2002), are not required to
use SPR. Furthermore, despite the potential for significant energy savings by improving air-
handling systems in large commercial buildings, there are no provisions to credit airtight duct
systems in these buildings.



As an example of the possible savings from improving air-handling systems, we crudely estimate
that implementing SPR and reducing supply duct leakage airflows has the statewide potential to
save about 900 to 2,200 GWh ($90 to $220 million) annually and about 170 to 410 MW in peak
demand. Our estimates assume that SPR can be implemented in half of the estimated 8 to 39% of
existing large commercial buildings with VAV systems, that static pressure set points are 1.3 to
2.0 times what is needed to operate the system even at maximum load (assuming that reducing
the pressure translates to fan power savings of 25 to 50%), that three-quarters of existing
buildings can benefit from supply duct leakage sealing (Wray et al. 2005), and that the duct
leakage that can be eliminated ranges from 10 to 20% of the nominal design supply airflow in
each building (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 bounds
for savings are based upon LBNL measurements in a Sacramento building; the upper bounds are
based upon predictions by Hydeman et al. (2003) and Franconi (1999). Dollar savings assume an
electricity price of $0.10 per kWh.

There are several reasons for the system deficiencies and absence of code requirements described
earlier in this section. One, there is a lack of skilled people and procedures to carry out functional
performance tests and efficiently operate buildings (PECI 2004). Second, there are no
standardized test methods to characterize fan and duct system performance in these buildings,
and testing is widely perceived as too expensive and/or unnecessary. Third, demonstrations of
the energy savings potentials of related technology are extremely limited. Fourth, mainstream
simulation tools such as EnergyPlus with their simplified fan models and lack of duct system
models have been unable to simulate the effects of duct leakage, SPR, or other fan and duct
system component improvements, so they cannot be used to demonstrate the energy-saving
benefits associated with efficient fan and duct systems.

A Duct Leakage Model for EnergyPlus

To support new energy-efficiency standards for duct performance, and to improve calibrated
simulations for large commercial buildings that might be used in applications such as fault-
detection diagnostics or demand-response analyses, there is a need now to add a duct leakage
model to programs such as EnergyPlus. Although the Florida Solar Energy Center (FSEC) has
already implemented a duct model in EnergyPlus for residential and small commercial buildings,
their implementation is not easily extensible to large commercial buildings. One reason is that
the FSEC model relies upon detailed airflow versus pressure modeling of the entire duct
network. Consequently, modeling a large commercial building's duct system would require a
vast number of inputs, and defining all these inputs is not practical for standards compliance
analyses. Other reasons are that the duct models themselves are not well developed (e.g., for
junctions) and in many cases the inputs are unknowable (e.g., the location and size of each and
every duct leak).

The simple “data driven” leakage-fraction-based TRNSYS models that we developed and used in
the California Energy Commission’s “High Performance Commercial Buildings” PIER project
(Wray 2003, Wray and Matson 2003) are more practical than the FSEC model, because one can
actually measure the few parameters needed for inputs. For example, to model a variable-air-
volume (VAV) system, the simpler model only requires specifying the leakage flow upstream of
terminal boxes and leakage flow fraction downstream of each box (instead of doing very
complicated detailed duct network simulations). Inputs for the simpler model can be determined
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using a new diagnostic that LBNL has developed to accurately, rapidly, and inexpensively
measure duct leakage flows for entire duct systems (Delporte 2004, Wang and Sherman 2004).
This new diagnostic is a simple extension of current test and balance activities (and duct leakage
area testing) in large commercial buildings. It will also be useful for verifying duct sealing if
credits are claimed in future standards compliance analyses.

Field Evaluation of New Duct Static Pressure Reset Technology

Over the past several years, with support from the Commission’s EISG program, Federspiel
Controls developed a simplified method for SPR control of VAV systems. The method is called
Static pressure Adjustment from Volume flow (SAV). SAV controls duct static pressure based
on a duct pressure-supply fan airflow correlation that is determined using InCITe™, which is a
simple diagnostic procedure and model of system operation. Significant advantages of the new
method are that it is potentially more reliable than SPR strategies that rely on zone-level DDC-
control and VAV box damper position sensing, and it extends the applicability of SPR control to
most VAV systems.

To assess the energy savings achievable by the SAV with InCITe™ method, in 2005, LBNL
carried out a DOE-funded SPR intervention study in a 955,000 ft2 office building located in
Sacramento. This building is particularly useful because we had already extensively
characterized its air-handling systems on Floors 16 and 17 for our 2002 CEC/DOE-funded duct
leakage intervention study, and we had validated relevant sensors in the building’s Energy
Management Control System (EMCS).

In the SPR intervention study, we continuously measured supply fan, VAV box induction fan,
and electric reheat coil power on the reference “control” floor (Floor 16, where constant static
pressure was maintained in the main duct), and on the “intervention” floor (Floor 17, before and
after we changed constant static pressure control to SPR control). For each of the two floors, we
also measured the supply fan airflows and, on the intervention floor, the static pressure rises
across the supply fans.

In addition to the electrical energy measurements, we also made measurements to assess the
impact of static pressure reset on HVAC system thermal performance (e.g., changes in heating
and cooling coil loads). Specifically, we also measured air temperatures and relative humidities
upstream and downstream of the preheat and cooling coils, and at the air-handler exit
(downstream of the supply fan). These measurements allow us to calculate coil loads.

Monitoring was carried out over about a one month period before and one month after the SPR
intervention so that we could average out the separate effects of weather-induced thermal loads.
Data were recorded once per minute. Until this project, only a preliminary analysis of two days
of data had been carried out. The results are encouraging: it appears that the SAV with InCITe™
strategy saved about one third of the supply fan power. Detailed analyses still need to be
completed and the results need to be disseminated. Completion of this work would contribute to
the PIER program objective of improving the energy cost and value of California’s electricity by
demonstrating through measurements how Commission-funded technology (SAV with
INCITe™) can save substantial amounts of the HVAC energy in large commercial buildings. We
expect that the knowledge gained from this research could be used to craft new requirements for
commercial duct system efficiency in future revisions of California’s Title 24.



Goal and Purpose. The overall goal of this project is to bridge the gaps in current duct
performance modeling capabilities, and to expand our understanding of air-handling system
performance in California large commercial buildings. The purpose of this project is to provide
technical support for the implementation of a duct leakage modeling capability in EnergyPlus, to
demonstrate the capabilities of the new model, and to carry out analyses of field measurements
intended to demonstrate the energy saving potential of the SAV with InCITe™ technology. We
expect that this new capability and 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. We also expect
that this work will provide a solid foundation for future efforts that address the energy efficiency
of large commercial duct systems in Title 24.

Objectives. To address the needs described above, there are three technical objectives in this
project:

e Provide technical assistance to the Simulation Research Group (SRG) at LBNL to
support implementation of our duct leakage model in EnergyPlus.

e Carry out simulations to demonstrate the utility of the new duct leakage model. This
effort provides an opportunity for us to assess the impacts of duct leakage on the heat
transfer between the conditioned spaces and ceiling return plenum, which could not be
done using the sequential “user hostile” DOE-2/TRNSY'S simulation techniques that we
used previously.

e Carry out analyses of the measured data to determine the energy savings from
implementing the SAV with InCITe™ SPR control in a large commercial building, and
document our findings.

The remainder of this report describes the work carried out to meet these objectives and presents
the related results.

DUCT LEAKAGE MODELING WITH ENERGYPLUS

Energy Performance of Buildings Group staff at LBNL already had documented the simple “data
driven” duct leakage model that is now successfully implemented in EnergyPlus, by publishing
details about the model in a report for the California Energy Commission’s “High Performance
Commercial Buildings” PIER project. Originally, the model was not in a form that could be
directly inserted into EnergyPlus, nor was the documentation in a format consistent with
EnergyPlus engineering and source code documentation requirements. In this task, we worked
with Simulation Research Group (SRG) staff at LBNL to translate the model and its
documentation into a format that is usable for EnergyPlus. This effort included generating input
descriptors for EnergyPlus’s Input Data Dictionary (IDD), generating default input values, and
identifying appropriate output report parameters. It also included providing technical review of
SRG’s debugging efforts during initial and detailed programming phases of the model
implementation. The model is available in the current release of EnergyPlus.

In particular, the EnergyPlus improvements involved inserting elements of the TRNSY'S duct
model into EnergyPlus to account for the transfer of air and energy between the ducts and the
environment surrounding the ducts (e.g., a ceiling return plenum). EnergyPlus already had
models for coils, fans, and the ceiling return plenum, so there was no need to add those
capabilities from TRNSYS. The engineering and input/output reference documentation produced
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from these efforts is publicly-available at: http://appsl.eere.energy.gov/buildings/energyplus/,
and is also included in Appendices A and B, respectively. The source code related to the new
model is provided is available from DOE upon request, subject to license requirements. Because
of the size of the modules containing the leakage model (several hundred pages), for practical
reasons we have not included them as part of this report. Inserting only the changed lines of code
would be meaningless, because the code cannot be read out of context.

Simulation Inputs

To test the new duct leakage model and to demonstrate its utility, we used the modified version
of EnergyPlus with the new duct leakage model (Version 3.1) to simulate a single-duct VAV
system in a prototypical large office building, which we used in previous modeling efforts (Wray
and Matson 2003). The building represents new construction practice in a Sacramento climate. It
is a ten story, 150,000 ft* office building. Each story has a floor area of 15,000 ft* 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 supply and return fans in the
VAV system each have variable-speed-drive control. Although not modeled explicitly, we
assumed that the HVAC control system varies the supply fan airflow to maintain a constant duct
static pressure upstream of the VAV boxes. A water-cooled hermetic centrifugal chiller supplies
chilled water to the air-handling system cooling coil, and rejects heat outdoors using a forced-
draft cooling tower. A natural-gas-fired boiler supplies hot water to the VAV box reheat coils.
The chiller, boiler, and pumps are located in a below-grade basement.

The five combinations of upstream and downstream duct leakage (fractions referenced to design
flows) that we simulated were as follows:

e zero duct leakage (an ideal that is not likely attainable in practice),

e 2.5% upstream and 2.5% downstream of the VAV boxes (a realistic tight system),
e 10% upstream and 2.5% downstream (a system with leaky main ducts),

e 2.5% upstream and 10% downstream (a system with leaky branch ducts, and

e 10% upstream and 10% downstream (a system with leakage in all sections).

We simulated only one building and climate combination, because our past analyses showed 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.

The VAV system that we simulated used the same size system and plant equipment for the
various duct leakage cases. In particular, the supply (and return) fan design airflow was
determined by the high-leakage case (10+10), because the maximum airflow occurs for that case.
EnergyPlus “autosizing” was used to determine equipment capacities for this case.

An important step in this task was the translation of the DOE-2 and TRNSYS simulation inputs
to create comparable EnergyPlus Input Data Files (IDF). The input data files that we generated in
this task are usable as test files for the EnergyPlus test suite, and could be included in the future
as part of the minimum conformance test series in the Title 24 Alternative Calculation Method
(ACM) Approval Manual. The input file for the last combination of duct leakage is included in
Appendix C.


http://apps1.eere.energy.gov/buildings/energyplus/�

Upstream and downstream duct leakage is specified simply in the EnergyPlus IDF using the
“ZoneHVAC:AiIrDistributionUnit” object for each above-grade occupied zone. An example for
one of the zones that we simulated is as follows:

ZoneHVAC:AirDistributionUnit,

PER-1T ATU, I- Name

PER-1T Supply Inlet, I- Air Distribution Unit Outlet Node Name
AirTerminal:SingleDuct:VAV:Reheat, !- Air Terminal Object Type
PER-1T VAV Reheat, I- Air Terminal Name

0.1, I- Nominal Upstream Leakage Fraction

0.1; I- Constant Downstream Leakage Fraction

Simulation Results

We begin by presenting graphical results from our simulations of the leakiest case (10%
upstream and 10% downstream) relative to the “tight” case (2.5% upstream and 2.5%
downstream), followed by a summary of energy impacts for all five leakage cases.

Figure 1 shows that fan power significantly increases with duct leakage, but the increase is not
constant over the year. As Figure 2 shows, the most frequent increase is a factor of 1.3 compared
to the 2.5+2.5 case. Ratios of 1.22 to 1.40 also occur in several cases, but much less frequently.
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Figure 1. Supply Fan Power Variation with Leakage and Time



50%

40%——5—5
:wa
30%--5—-5
2%

20% -1

{o0et=uU) asuaunoaag jo Aauanbal 4

15% T-r -
10% -4

5% -}

0%

020
520
o R
S0
oL
SOL

- -
o o i £
Q L o

0e'L
SE'L
oF'L
SFL
gL

Supply Fan Power Ratio

Figure 2. Supply Fan Power Increase (10+10 Case Relative to 2.5+2.5 Case)

These increases are substantially less than had been previously predicted using the hybrid DOE-
2/TRNSYS simulation approach (ratios of about 1.5 for a similar comparison, Wray and Matson
2003). They agree, however, reasonably well with our field test results (Diamond et al. 2003):
factors of 1.25 to 1.35 for similar leakage conditions.

Some of the differences can be explained by the heat transfer between the ceiling plenum and the
conditioned spaces. As Figure 3 shows, when cool air leaks from the ducts, it tends to decrease
the temperature of the plenum. In a similar manner, when heated air leaks out (from ducts after
the VAV box reheat coil), the plenum temperature rises, but this is an infrequent occurrence.
Like fan power, the temperature decrease varies throughout the year, and is largest during peak
cooling times (e.g., summer). The largest temperature decrease is about 1.1°C to 1.4°C.

The result of the plenum cooling by duct leakage is that the conduction temperature difference
across the ceiling increases, and heat is transferred (”lost”) from warmer conditioned spaces to
the cool plenum. Consequently, the cooler plenum helps to reduce the space cooling load of the
conditioned spaces and less air needs to be delivered through the duct system to meet the
thermostat call for cooling.

Figure 4 shows the ceiling heat loss and net zone cooling load relative to the maximum net zone
load for the entire year’s simulation. The zone load fraction varies between -1.0 (maximum
heating) and +1.0 (maximum cooling). As discussed above, relative to the 2.5+2.5 case, the
10+10 case generally has higher heat loss from the conditioned spaces to the plenum. Because of



the scatter, however, it is difficult to understand how the heat loss varies with zone load. Figure 5

provides a frequency distribution to simplify the data.
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In Figure 5, two distributions are shown, which are similar in shape, but are not aligned with
load. In particular, the ceiling heat loss fraction for the 2.5+2.5 case peaks at +0.035 (11.7%
frequency), but has another smaller peak near zero (-0.005, 6.6%), and varies widely from -0.040
to +0.080. For this “tight” duct system, heat loss is usually a small fraction of the zone load. For
the “leaky” case (10+10), the heat loss fractions are shifted toward higher losses (greater cooling
of the plenum and reduced space conditioning load). In this latter case, the largest peak occurs at
a fraction of +0.065 (11.0% frequency), and the heat loss fractions range from -0.020 to +0.125.
While still not a large fraction of the zone heat load, not accounting for the impact of the ceiling
heat loss and the zone load will lead to overestimates of the effects of duct leakage, as occurred
in previous simulations. Because the larger zone loads require more air to be delivered through
the VAV boxes and thus by the fan, and because fan power is somewhere between a quadratic
and cubic function of airflow, small changes in airflow requirements driven by errors in zone
loads can have large impacts on fan power.
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Figures 6 through 9 show the effects of increased leakage on cooling and reheat coil loads. These
coil loads generally increase only slightly with added leakage. For the cooling coil, most
frequently (23.3%), loads do not increase at all. The distribution of increases ranges from zero up
to 0.070, with most fractional increases above zero centered in the range of +0.025 to +0.035.
For the reheat coils, even more frequently (58.2%), there is no effect of leakage (zero fractional
increase). The distribution, however, in this case ranges from -0.005 to 0.060.
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Table 1 summarizes the energy impacts of leakage relative to the “tight” 2.5+2.5 case. Annual
cooling plant energy is the largest energy use component and ranges from 54 to 57% of the total
HVAC system source energy consumption. The fan energy is smaller, but still significant (about
15 to 20%). The leaky system (10+10) increases total HVAC source energy use about 8.4%.

Table 1. Summary of Duct Leakage Impacts on HVAC Site and Source Energy Use

Leakage Fraction (%)

Upstream 0 25 25 10 10 0 25 2.5 10 10
Downstream 0 25 10 2.5 10 0 25 10 2.5 10
Site Energy Use (kKWh) Site Energy Use Increase (%)
Supply Fan| 78282 85524 90,041 106,685 111,269 -8.5 0.0 5.3 247 301
Return Fan| 26,094 28508 30,014 35,562 37,090 -8.5 0.0 5.3 247 301
Chiller] 2¥5,713 281,334 284 941 295 112 298,103 -2.0 0.0 13 49 6.0
Tower] 103,918 103,898 103,964 104,324 104,305 0.0 0.0 0.1 0.4 04
Buailer Elec| 487 502 503 546 548 -3.1 0.0 0.2 8.7 92
TOT Elec| 484,493 499766 509,463 542 228 551,315 =31 0.0 1.9 8.5 10.3

Leakage Fraction (%)

Upstream 0 25 25 10 10 0 25 25 10 10
Downstream 0 25 10 25 10 0 25 10 2.5 10
Source Energy Use (KWh) Source Energy Use Increase (%)
Supply Fan| 234, 845 256573 270,124 320,084 333807 -8.5 0.0 53 247 301
Return Fan| 78,282 85524 a0, 041 106,685 111,269 -8.5 0.0 53 24.7 301
Chiller] 827,139 844001 854 822 885335 894310 -2.0 0.0 13 49 6.0
Tower] 311,755 311,694 311,893 312973 312914 0.0 0.0 0.1 0.4 0.4
Buoiler Elec] 1,460 1,505 1,510 1,637 1,644 -3.0 0.0 0.3 8.8 92z
Boiler Fuel] 555,038 561,899 538520 604 144 579623 -1.2 0.0 -4.2 7.5 iz
TOT| 2,008,518 2,061,197 2 066,909 2230 829 2233 567 -2.6 0.0 0.3 8.2 8.4

Leakage Fraction (%)

Upstream 0 25 25 10 10 0 25 25 10 10
Downstream 0 25 10 25 10 0 25 10 25 10
Source Energy Use (KWh) Source Energy Use Increase (%)

Fans] 313,126 342097 360,165 426739 445076 -85 0.0 53 24.7 301
Cooling| 1,138,894 1,155 695 1,166,715 1,198 308 1,207 225 -1.5 0.0 1.0 37 45
Heating] 556,498 563404 540029 605781 581267 -1.2 0.0 -4.1 7.5 32
TOTALY 2,008 518 2061196 2066909 2 230 820 2233567 -26 0.0 0.3 g.2 8.4

Leakage Fraction (%)

Upstream 0 25 2.5 10 10

Downstream 0 25 10 2.5 10
Fraction of Total Source energy Use (%)

Fans] 15.6 16.6 17.4 19.1 19.9

Cooling] 56.7 56.1 56.4 83.7 54.0

Heatingl 27.7 27.3 26.1 272 26.0

Interestingly, downstream leakage has a smaller impact than upstream leakage. In the 10+2.5
case (leaky main ducts), supply fan energy increases 24.7%. In the 2.5+10 case (leaky branch
ducts), the increase is only 5.3%. The reason for this behavior needs further investigation, but we
speculate that leaks downstream of the VAV boxes “look™ like supply grilles to the box airflow
controller and fan. Consequently, dampers will not modulate to increase box flows when there is
downstream leakage, unless the zone temperature deviates from the thermostat set point. Even if
the damper does not modulate, the fan energy still increases, however, in the downstream
leakage case because insufficient air is delivered to zones (the fan runs longer to deliver enough
cooling or heating to meet the load) and because of changes to zone loads caused by related
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changes in plenum air temperatures. Previous simulations could not account for the zone
coupling effects.

IMPLEMENTING A SIMPLIFIED SPR STRATEGY: ENERGY SAVINGS ANALYSIS

This project analyzed data that resulted from implementing a new duct static pressure reset
strategy in an actual large commercial building. The SPR technology was developed with
support from the CEC’s Energy Innovations Small Grant Program. In particular, Federspiel
Controls developed a simple diagnostic procedure and model of system operation that linearly
correlates duct static pressure and supply fan airflow (Federspiel 2004, 2005). The diagnostic
method simply involves measuring the velocity pressure near the fan inlet (represents fan flow)
and the duct static pressure at multiple points over the fan’s operating range, while the VAV box
dampers attempt to control flow in response to a nominally constant thermostat set point. The
goal is to define the characteristics of the linear region where all VAV boxes are in control
(dampers modulating). In this model, the linear correlation between Pgy, and Qan that is used to
determine the duct static pressure set point is as follows:

P )* (Qfan _Qfan,min) _
v (Qfan,max - Qfan,min ) (Qfan,max _Qfan,min )

where Py, is the duct static pressure set point and Qxan is the airflow through the supply fan at
standard conditions. In a separate project funded by DOE, work is currently underway to
implement this strategy in EnergyPlus, along with a fan system component model (fan, belt,
motor, and variable-frequency-drive), and a duct system model (to determine fan pressure rise).

P, =P

sm sm,min

+(P.

sm,max

Energy Performance of Buildings Group staff at LBNL carried out analyses of the data that we
measured in 2005 to determine the energy savings from implementing SAV with InCITe™. This
effort included:

e synchronizing the data that we collected from approximately 250 sensors, each of which
recorded time separately,

e normalizing the post-intervention performance data using the pre-intervention data as a
reference to account for weather and operational differences between monitoring periods,
and

e calculating the fan, preheat and reheat coil, and cooling coil energy savings relative to the
pre-intervention period.

The following describes the test building, our measurements, the analysis, and our findings
regarding the energy savings from implementing SAV with InCITe™.

Test Building

Diamond et al. (2003) describe the office building in Sacramento where we implemented the
SPR strategy. In summary, the building was first occupied in 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 ft?). We had already extensively characterized the HVAC system
operation on the intervention (17™) floor in our past efforts to study the impacts of duct leakage;
this is where we installed the SPR technology. We used the 16™ floor as a control (i.e., no
changes to the HVAC system) for comparison to the intervention floor.
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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 that is 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 10). The difference between the numbers 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.
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Figure 10. Duct Layout for Intervention Floor (control floor duct layout is similar)

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
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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.

Using duct leakage airflow diagnostics, we previously determined that the actual airflow through
the duct leaks is small (about 5% of total air-handler supply airflow at operating conditions). The
test building showed every indication of a “tight” thermal distribution system: good application
of mastic, metal bands at joints, and overall high quality.

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.

The building operated in cooling mode during our SPR intervention study. If pre-cooling is not
needed, the HVAC systems are put into occupied mode around 5:00 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 supply
air-handlers is used to control the heating and cooling valves serving the coils upstream of the air
handler supply fan. A supply air temperature reset strategy is used. In particular, on each floor,
the EMCS monitors about a dozen zone thermostats to identify the temperature of the warmest
zone. Using that temperature, supply air temperature is linearly reset: a supply air temperature of
60°F corresponds to a zone temperature of 78°F; a supply air temperature of 70°F corresponds to

a zone temperature of 74°F.

Measurements

We extensively monitored the intervention and control floors to characterize HVAC system
operation and to determine the impact of SPR on fan and coil energy consumption. The
monitoring occurred over the period from early June 2005 to early August 2005. Results from
past monitoring during 2001 to 2003 were 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 310
measurement points. In addition, we installed 44 temperature, relative humidity, pressure, and
power monitoring points. Table 2 summarizes these 354 points.
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Table 2. Monitoring Point Summary

EMCS Monitoring

LBNL Installed Monitoring

Supply Fans Electricity consumption, fan pressure
rise, fan 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
preheat 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 / 1% stage / 2" stage)

Zones (Selected)

Supply air temperature at the farthest
grille from each of six selected VAV
boxes

Outdoor Conditions

Air temperature; relative humidity

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 middle of each supply
loop section (east, south, west, and
north); ceiling plenum air temperature
(four locations, intervention floor)

Duct static pressures that we measured were sampled using approximately 1 mm diameter holes
drilled into the middle of each of four duct walls. The holes were each covered with a magnet
that had a pressure tap attached using epoxy. The four taps were connected together with tubing
to provide one “average” duct static pressure signal for each location. All single-ended measured
pressures (e.g., duct static pressure) were referenced to the ceiling plenum.

On the zone level, for the VAV boxes with induction fans, the EMCS recorded induction fan
status (on / off) and box heater status (off / stage 1 / stage 2). In our previous tests, we had

already measured the induction fan power as a function of VAV box primary airflow 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 used previously measured data for the heater power for
each powered VAV box to calculate reheat coil power.

Data Synchronization

We used the duct static pressure signal to synchronize data. Our data were recorded at 1 minute
intervals; EMCS data were recorded at 5 minute intervals. 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 used previously calibrated airflow and pressure
measuring equipment as discussed by Diamond et al. (2003).
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Analysis

We selected two approximately two-week periods for our analysis: June 8 to June 21 and July 20
to August 3. These periods had the most continuous sets of data from our monitoring period.
Synchronized data were imported into Excel for graphing and energy saving calculations. A
separate psychrometric calculator coded in Excel by LBNL staff, based on ASHRAE algorithms
(1996), was used to generate humidity ratio, air density, and specific enthalpy values
corresponding to each air temperature and relative humidity measurement. We found that the
calculated humidity ratios, however, were inconsistent through the air-handlers. In many cases,
humidity ratios increased from before the coils to after the fan, which should not happen unless
water is added to the air-stream, which it was not. Consequently, because the humidity-based
data were unreliable, our analyses of coil loads focused on sensible loads and not total loads.

Figure 11 shows a comparison between supply fan flow and outdoor air temperature. There is no
apparent correlation visible. Consequently, it is not possible to scale parameters with outdoor
temperature, as is sometimes done in savings analyses.
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10.0 15.0 20.0 25.0 30.0 350 40.0 45.0
Outdoor Air Temperature (C)

Figure 11. Comparison between Supply Fan Airflows and Outdoor Temperature

To take temperature differences and corresponding operational differences into account for
different periods, a normalization procedure was used to adjust the airflows (or other variable
such as power) measured on the intervention floor during the pre-SPR period to what would be
measured during the SPR period if SPR had not been implemented, assuming that changes on the
intervention floor occur in the same proportion as on the control floor. The adjusted value of
interest is calculated as follows:
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x|

—_ Y Cs
| adjusied = X1 X )zcs
where
X = the variable being studied for the time period specified,
IB = measured value for intervention floor, base case time period,
CcsS = measured value for control floor, SPR time period, and
CB = measured value for control floor, base case time period.

The fractional change in the parameter of interest is:

FractionalChange =1- _L

| ,adjusted
where
IS = measured value for intervention floor, SPR time period.

A positive fractional change represents a reduction in energy use. Conversely, a negative value
represents an increase.

Unless otherwise noted, these equations were used to calculate the normalized changes due to
SPR for two time periods: 5:00a to 6:00p and 2:00p to 6:00p (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.

Findings

Figure 12 shows the duct static pressure set point strategies, before and after SAV with InCITe™
was implemented. Prior to implementation, the duct static pressure set point was constant at
about 250 Pa (1 in.w.c.). After implementation, as expected, the set point varies with flow: from
about 250 Pa at maximum flow to about 100 Pa at 4,000 cfm and below. It is unclear why some
of the post-implementation set points deviate from the linear function of flow, but in general
there are few instances where this occurs. The majority of the data are located between about
2,700 cfm and 6,400 cfm, well below the maximum flow of about 13,000 cfm. This means that
the fan is operating at low part-loads. Without knowing more about the fan characteristics,
however, it is not clear whether the part-load operation results in reduced efficiency or surge.

The actual response to the set points for the intervention floor is shown in Figure 13. Figure 14
shows the actual response for the control floor, where the set point remained constant at about
250 Pa throughout the tests. There are several instances when the measured pressure does not
match the set point on the intervention floor. It is likely that many of these differences
correspond to times when the fan is speeding up or slowing down. The points near zero are for
times when the fan is off. The reason for the cluster of points at about 150 Pa and high flows is
unknown. One possibility is that it corresponds to times when VAV box and other dampers are
opened for pre-cooling and the system is unable to maintain its set point due to the low system
resistance. It is unclear why similar behavior does not occur on the control floor.
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Figure 15 shows the fan pressure rise for one of the fans on the intervention floor before and
after SPR is implemented. As expected, the system curves differ substantially, because the duct
static pressure set point changed significantly. In general, we expect that *“system curves” for
VAV systems with modulating VAV box dampers and duct static pressure control will be a
quadratic function of flow (APfan = & Qfan® + B Qtan + Psm), such as is observed in Figure 15 for
flows above about 4,000 cfm. Ignoring times when the fan is off or speeding up or slowing
down, the fan pressure rise as the flow approaches zero will be near the duct static pressure set
point (assuming that the system can maintain control at low flow, especially in the presence of
leaky ducts).

Fan power variation with flow for one fan on the intervention floor before and after SPR is
implemented is shown in Figure 16. The variation in fan power is substantial at lower flows and
near zero at high flows. This means that SPR will have the greatest effect if the system operates
at reduced load, such as is observed for this system. Systems that operate near maximum flow
most of the time will benefit less from implementing SPR. However, because high flows
correspond to high power, small changes in fan pressure rise due to SPR might still result in
significant energy savings at less than maximum flow.

Figures 17 and 18 show the fan power history for the two monitoring periods of interest. In
particular, Figure 17 shows that fan power on the control and intervention floors is quite similar
before implementing SPR. After implementing SPR, Figure 18 shows a substantial reduction in
supply fan power for the intervention floor compared to the control floor. Figures 19 and 20
show the fan power variations for sample days, before and after implementing SPR, respectively.
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