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Abstract

In light of the growing EE/DSM program offerings for VFD measures, it is worth reviewing the
savings estimation methodologies currently being used to determine their reliability and investigate
whether changes or updates are warranted. Although there is similarity among program offerings, the
savings estimation methodologies used for VFD measures often vary significantly by VFD measure type,
from state-to-state, and program-to-program. This offers opportunity for investigation to determine
which methodology is the most reliable for program implementation, or if a new method is needed. This
paper compares the reliability of 13 different existing protocols for estimating savings for VFD
installations on HVAC fans. Each protocol was used to estimate savings for seven case studies and the
results compared to the verified savings that had previously been determined. This showed that most of
the TRM protocols were not reliable. The results were also compared to savings estimates derived using
U.S. DOE EnergyPlus commercial building prototype models. Finally a new simple protocol was
developed and validated as a more reliable alternative to existing protocols for estimating savings for
VFD installations on HVAC fan motors. As such the protocol developed in this paper is recommended for
adoption in TRMs across the country for use in energy efficiency program implementation to estimate
savings for installations of VFDs on HVAC fan motors as a preferred alternative to most existing

protocols.
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Chapter 1

1.1 Introduction

In 2010, the U.S. consumed 97.8 quads of energy (U.S. Department of Energy, 2011). This accounted
for roughly 19% of global consumption, second only to China. Of this total U.S. energy consumption,
buildings accounted for 41% of the primary energy, transportation was 29%, and industry accounted for
the remaining 30%. Within the building sector itself, commercial buildings consumed 19% of the total

U.S. energy consumption. See Figure 1 below.
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OTHER
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Figure 1. World Energy Consumption. (U.S. Department of Energy, 2011)

Breaking this down further shows that 42.1% of the energy used by the commercial building sector
goes towards space conditioning, including space cooling (10.1%), space heating (26.6%), and ventilation
(6.1%). This is by far the greatest end-use of energy in commercial buildings with the next largest end-
use being lighting at only 13.6%.

It is widely recognized today that energy efficiency is one of the most cost effective means to reduce
our nation’s overall energy demand. The effects of this recognition can be seen in the number of states
that have adopted energy efficiency resource standards or goals as shown in Figure 2. As seen in the

figure, twenty states have already adopted some sort of standard or goal, and more are in the process.
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Figure 2. Map of States with Energy Efficiency Resource Standards and Goals. (DSIRE USA, 2012)

But in the commercial building sector, where is the energy savings through energy efficiency going
to come from? Although it only accounts for 13.6% of building consumption vs 42.1% for space
conditioning, lighting retrofits currently account for a vast majority of the commercial building stock
energy savings through efficiency improvements. This is because they are the lowest hanging fruit in
terms of upfront cost, ease of installation and relatively short payback period. Although lighting retrofits
will still dominate energy efficiency program savings in the near future, code and standard changes
requiring more efficient lighting than in the past are having a significant impact. Utilities will eventually
need to look to other technologies to get their required savings towards their energy efficiency resource
standard goals.

One of today's largest areas for potential energy savings after lighting retrofits in existing
commercial and industrial buildings is motor measures. For example, in Pennsylvania, an energy
efficiency potential study(GDS Associates, Inc and Nexant, 2012) showed that while lighting still
accounts for 40.3% of achievable program potential savings by 2018, motor measures was a strong
second showing a potential of 23.6% of achievable program savings. This includes replacement of low
efficiency motors with premium efficiency motors, and also includes installation of adjustable speed

drives (ASD) for motor applications. Many energy efficiency and demand side management (EE/DSM)
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programs across the country include incentives for installation of ASD measures in their program
offerings. Although current participation in ASD measures is relatively small compared to lighting
retrofits, participation is growing and is expected to grow even more in the future as lighting savings and
incentives are reduced due to the code and standard changes.

For EE/DSM programs, as measures grow in their overall impacts, it is important to have reliable
savings estimates to ensure ratepayer money is being spent wisely and to verify whether programs are
meeting their compliance goals with real energy savings. In light of the growing EE/DSM program
offerings for ASD measures, it is worth reviewing the savings estimation methodologies currently being
used across the country to determine their reliability and investigate whether changes or updates are
warranted. Although there is similarity among the program offerings, the savings estimation
methodologies used for ASD measures often vary significantly by ASD measure type, and from state-to-
state, and program-to-program.

For ASD installations on industrial process motors almost all programs require custom calculations
for each measure due to the high uncertainty and variability between projects. This generally leads to
fairly reliable savings estimates.

For ASD installations on HVAC fan and pump motors many EE/DSM programs use a simplified
savings estimation method which is applied to all projects within certain parameters. Some jurisdictions
use a very simplified approach using a single deemed savings estimate (kWh per horsepower), a few
jurisdictions require use of hourly energy simulation models for every building application, but most
programs use methods that fall somewhere in between these two extremes, using a partially deemed
algorithm with default hours of use by building type and ASD application type, and a deemed savings
factor for each application type. Each method has their advantages and disadvantages, with custom
simulations for each project being the most reliable, but most costly to implement. The single deemed
savings estimate using kWh per horsepower is the least costly to implement, but is also the least
reliable. The methods in between these two try to strike a balance between reliability and cost.

Many states continue to grapple with how to best estimate savings for ASD applications. As more
and more states implement EE/DSM programs the challenge of reliably estimating savings for ASD
applications using simple methodologies continues to grow. This paper reviews the methodologies used
to estimate savings for ASD installations on HVAC fans and pumps which do not require a custom energy

simulation for each project.
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1.2 Project Objectives

The various savings estimation methodologies for ASD installations in HVAC applications used for
EE/DSM program implementation across the country offer opportunity for investigation to determine
which savings estimation method is the most reliable for use on a macro scale, or if a new method is
needed.

The project objectives were to determine whether there is an existing reliable, yet simple, measure
savings estimation methodology to estimate savings for ASD installations on HVAC applications that can
be recommended for states and utilities to follow for implementing ASD measures in EE/DSM programs,
or if a more robust methodology is warranted. If it is determined that there is not an existing protocol
that could be recommended, the project will develop a new protocol and validate whether it can be
recommended over existing protocols.

The final objective is to make a recommendation for EE/DSM program stakeholders as to how ASD

measure savings should be estimated.

1.3 Report Organization

The report is organized as follows. Chapter 1 provides the rational for why this study was
undertaken. Chapter 2 describes how ASDs work and save energy. Chapter 3 details how EE/DSM
programs used Technical Reference Manuals (TRMs) to estimate measure savings, provides a literature
review of the topic, and describes 13 different TRM savings protocols that are used to estimate savings
from ASD installations and which were reviewed for this project. Chapter 4 describes how case studies
were selected, how the TRMs were used, and how EnergyPlus models were developed. Chapter 5 goes
into detail on each case study, the results from the TRM savings estimates and the EnergyPlus modeling.
Chapter 6 compares the results from all the TRM protocols and EnergyPlus models for each case study.
Chapter 7 develops a new savings estimation protocol while Chapter 8 uses that protocol to estimate
savings for all the case studies to validate the protocol. Chapter 9 provides final recommendations and

conclusions and includes suggestions for future work.
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Chapter 2

2 HVACFan and Pump Motors

Motors account for a significant portion of the energy consumption of building HVAC systems. In
HVAC systems, motors drive chillers, compressors, fans and pumps which are used for meeting both
cooling and heating loads of the buildings they serve. Most existing installed motors in HVAC systems
are single speed motors that run at a constant full speed all the time regardless of the actual load on the
system. When the load is constant and the motor is well matched to it this is not a problem and energy
is not wasted. However, when the load on the motor varies throughout the day, week, month or year,

running the motor at a constant full speed can be a significant waste of energy.

2.1 Fan Affinity Laws
Focusing on fan motors, the potential energy that can be saved is related to the fan affinity laws

(ASHRAE, 2012) through the reduction of rotational speed.

RPMy o
CFMpyew = CFMpitiar X (Wl) "
Initia
RPMy, \2
Pressureyey, = Pressuremiriqr X (W) 2
Initial
RPM 3
Poweryey =  Powerpjtiqr X (WNQWZ) 2
nitia

The result of these fan laws is that a slight reduction in CFM through lower fan speed results in a
significant reduction in power needed to drive the fan. This can yield significant savings over a baseline
constant volume system or an existing VAV system by installing an adjustable ASD. The above
relationships are ideal. In practice the power relationship to reduction in speed is less than three. There
is not an agreed upon power factor, but many references use power factors of around 2.0 to 2.7 as

reasonable estimates (Consortium for Energy Efficiency (CEE), 2011).

2.2 Pump Affinity Laws
Similar to the fan affinity laws, there are also pump affinity laws (ASHRAE, 2012) which can be used
to understand the potential energy that can be saved through the reduction of pump rotational speed.

RPMy .y, )

— (4]
RPM Initial

GPMpeyw = GPMppitiqr X (
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RPMInitial

RPMy,y )3
RPMInitial

Headye,, = Headpjtiq X (

Poweryey = Poweritiar X ( (6]

As with the fan laws, the pump laws show that a small reduction in pump rotational speed can result
in a large reduction in power needed to drive the pump. For systems that do not need to run at full
capacity all the time significant energy savings can be achieved by reducing the pump speed through

installation of an ASD.

2.3 Variable Flow Systems

Variable volume/variable flow HVAC systems try to take advantage of the first two affinity laws. In
fan systems, adjusting air volume can be accomplished many ways thus saving energy. The fan can be
allowed to ride its system curve as variable air volume (VAV) boxes are opened and closed to serve the
space conditioning loads. The flow and pressure can be further adjusted by means of outlet dampers,
inlet dampers, or inlet guide vanes at the fan itself, thus changing the CFM and pressure and saving
energy. In pump systems, adjusting the flow with throttling valves changes the GPM and head, thus
saving energy as well.

These methods can save significant amounts of energy as compared to a constant volume/flow
baseline system, but by changing the speed of the fan or pump, even more energy could be saved.
Motor speed control devices can be used to do just that.(Lawrence Berkeley National Laboratory, and
Resource Dynamics Corporation, 2003)(Lawrence Berkeley National Laboratory, Resource Dynamics

Corporation, and Alliance to Save Energy, 2006)

2.3.1 Motor Speed Control Devices

Motor speed control devices used to control the speed of a motor through a continuous range.
There are many forms of motor speed control devices including mechanical or hydraulic controllers, and
ASD’s. ASD’s are more efficient than mechanical or hydraulic controllers and have mostly replaced the
others except in certain applications.

Mechanical and Hydraulic control devices don’t actually change the speed of the motor, but rather
the speed for the applied load. Mechanical controllers include devices such as adjustable belts and
pulleys, gears, throttling valves, fan dampers and magnetic clutches. Hydraulic controllers include

hydraulic clutches and fluid couplings. (Ontario Hydro, 1997)
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ASD’s on the other hand control the speed of the motor itself resulting in higher efficiencies than
the mechanical or hydraulic controls. ASD’s include electronic AC motor variable frequency drives (VFD),
AC motor variable voltage controllers, eddy current clutches, switched reluctance drives, vector drives,

wound-rotor motor controllers, cycloconverters, and DC motor controllers.(Ontario Hydro, 1997)(Rouse,
2009)

2.3.2 Variable Frequency Drives

To understand the efficiency a fan is operating at, one needs to plot the fan curve an overlay the
system curve to identify the operating point. There are several forms of fan curves, but generally the
curves used plot percent of pressure against percent of flow rate. The system curve shows the pressure
and flow relationship of the entire duct system at a given location, including the effects of the ducts,
dampers, filters, etc. It basically shows the pressure requirements to overcome system losses to produce
flow. In other words, how much pressure the fan must overcome to induce flow in the system.
(Stebbins, 1994)

The use of outlet dampers and inlet dampers essentially changes the system curve as the dampers
are opened and closed, but do not change the fan curve. These changes affect the system curve by
increasing or decreasing resistance to air flow. Energy is saved because changing the system curve

changes the operating point on the fan curve (see Figure 3). (Stebbins, 1994)
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Figure 3. Outlet damper affect on system curves. (Cassidy & Stack, 1988), (Stebbins, 1994)

Inlet guide vanes instead save energy by altering the fan curve itself by affecting the incoming

airflow as it enters the fan rather than altering the system curve (see Figure 4). Affecting the flow
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coming into the fan changes the fan characteristics, thus changing the fan curve. Inlet guide vanes are

generally more efficient than outlet dampers or inlet dampers. (Stebbins, 1994)

% PRESSURE

T 1. !
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Figure 4. Inlet guide vane affect on fan curves. (Cassidy & Stack, 1988), (Stebbins, 1994)

ASD’s can save more energy than either dampers or inlet guide vanes because rather than changing
the system curve, or the fan curve, they are able to operate the fan at different speeds. This maintains
the fan at roughly the same efficiency point on its fan curve while also maintaining the system curve
(see Figure 5). The main difference is that it is operating at a different speed. This allows the designers
to optimize the fan’s efficiency operating point and the system’s operating efficiency point throughout

the full operational range.
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Figure 5. ASD maintains fan efficiency operating point.(Cassidy & Stack, 1988), (Stebbins, 1994)
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The changing of the fan curve through the ASD’s adjustment of fan speed results in a power
reduction reflected in the fan affinity laws; where the power is proportional to the cube of the speed.
This is a theoretical relationship and would hold true if the efficiencies of each component held constant
throughout the operating range and there was no minimum system requirements. This is not reality
though, and the relationship in practice is somewhat less than a cube relationship as discussed in
Section 2.1 above. Figure 6 shows the effect on the system curve with a 30% back pressure. This is the
minimum pressure required for the fan to overcome just to induce flow. This has a significant impact on
the theoretical cubed relationship and brings it closer to a squared relationship. This is generally the
case for systems with static back pressure. Systems with minimal static back pressure, such as cooling
tower fans or domed roof vent fans are able to operate closer to the cubed law. These differences

should be taken into account when estimating savings from ASD installations. (Stebbins, 1994)
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Figure 6. System curve effects due to system efficiencies. (Stebbins, 1994)

Of the various types of ASD’s, VFDs are the most efficient and have become the primary ASD of
choice for most commercial HVAC fan and pump applications. VFDs control motor speed through use of
power conversion. Power comes into the drive at a constant 60 Hz and flows through a rectifier which
converts the AC power to DC power. The DC power then flows through an inverter which switches the
DC power on and off to simulate AC power at the desired frequency and voltage. The inverters are

generally of three basic types. The first type includes a variable voltage inverter (VVI) and a square-wave
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six-step voltage source inverter (VSI). The second type is a current source inverter (CSI). The third type is
a pulse width modulated inverter (PWM). (Ontario Hydro, 1997)

The PWM VFD is the most common in HVAC applications as it offers several advantages over the
other types. The primary benefits are that they produce better waveforms than the alternatives,
resulting in smoother motor operation at all speeds and less filtering requirements. They are, however,
the most expensive of the three main VFD types.(Ontario Hydro, 1997)

Although much energy can be saved through installation of a VFD on HVAC fans and pumps, the
energy savings do not necessarily translate into significant demand reductions as well. In some cases,
installation of a VFD can increase peak demand because the efficiency of the VFD itself at maximum load
reduces the overall efficiency of the system. VFD efficiency at full load rated output power is typically
between 94% to 97%, between 91% to 96% at 50% power, between 83% and 93% at 20% power, and
between 72% and 87% at 10% power (Krukowski & Wray, 2013). Below 10% power VFD efficiency drops
substantially. Lower horsepower rated drives tend to be less efficient than larger drives, but this can
vary by manufacturer.

Even with the reduced efficiencies at lower power ranges, motors with VFD’s installed still save
significant amounts of energy at lower speed due to the cubed relationship of the power to speed per
the affinity laws.

Care must be taken when choosing to install a VFD on a motor as not all applications will be
appropriate. There must be an opportunity for reduced speed over the existing conditions to save
energy. Applications with varying loads generally present the greatest opportunity for savings.
Applications where the load is constant, but the existing motor is just oversized will typically see greater
savings by replacing the motor with a more appropriately sized motor than by installing a VFD.

The motor type should also be considered as not all motors and applications are suitable for the
installation of a VFD. VFDs can cause significant harmonics and if not properly considered and designed
for, this can drastically reduce the lifetime of the motor, thus negating any savings the VFD installation
may have otherwise achieved.

Also, some motors are not designed to handle the increased heat that occurs when controlled with a
VFD. Motor cooling systems are generally rated for full speed operation and as the motor speed is
reduced, so is the ability of the motor to dissipate heat. This can lead to premature degradation of the
insulation. Motors should be checked to confirm they have insulation levels capable of handling a VFD

before a decision is made to install the VFD.
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There are too many considerations that must be made when choosing to install a VFD on a motor
application to list here. Many books are devoted to this topic alone. More detailed information can be
found in the National Electrical Manufacturers Association (NEMA) guidebook titled, “Application Guide
for AC Adjustable Speed Drive Systems” summarized by Bezesky and Kreitzer (Bezesky & Kreitzer, 2001).

When carefully planned and designed, installation of a VFD on an HVAC fan or pump can save
significant energy, even as much as 70% or greater, although more commonly in the 35% to 65% range.
Because of this they can have very short payback periods (often less than a year) and should be
considered as an energy efficiency measure for many building managers/owners.

The rest of this paper focuses on potential energy savings associated with installation of a VFD on

commercial HVAC fan applications.

2.4 Baseline System Options
The savings that can be achieved by installing a VFD on an HVAC fan motor depends significantly on
what the baseline system was prior to the VFD installation. Energy savings estimates must include both

the physical component options as well as the various control options.

2.4.1 Baseline Components

There are several possibilities including constant volume (CV) systems with reheat, VAV systems
with discharge dampers allowing the constant speed fan to ride the fan curve, VAV systems with outlet
damper controls, VAV systems with inlet damper controls, VAV systems with inlet guide vane (IGV)
controls, or VAV systems with eddy current clutches. As most energy efficiency programs do not include
prescriptive savings for eddy current clutches we will focus here on savings from the other alternatives.

Within these various system types, there are still significant energy savings potential differences
depending on the fan type used with each system. For example, does the system use an axial fan or a
centrifugal fan, if a centrifugal fan is it a forward-curved (FC) blade, radial-blade, radial-tip, backward-
inclined (BI) flat, backward-inclined curved, or backward-inclined airfoil (AF/Bl)(Lawrence Berkeley
National Laboratory, and Resource Dynamics Corporation, 2003)? If an axial fan, is it tubeaxial or
vaneaxial? Does it have controllable pitch blades? Each of these options can have significant
ramifications on energy savings potential due to baseline efficiency differences.

For example, a baseline VAV system which uses inlet guide vanes on a centrifugal fan with forward
curved blades may not see much energy savings by installing a VFD because they are already fairly

efficient. There may be some savings, but greater care should be put into the savings calculations to
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ensure a reliable estimate of simple payback period or life cycle costs to justify the cost of installing a
VFD. On the other hand, there are still significant savings opportunities for installing a VFD on a baseline
VAV system with IGV controls on a centrifugal fan with Bl blades, whether flat, curved or airfoil
(Bonneville Power Administration).

There are several other considerations that may also affect potential energy savings. Is the fan
direct, gear or belt driven? Is the fan oversized or right sized? Where does the fan operate on its fan
curve? Is the ductwork designed properly to allow the most efficient use of the fan, or is it poorly
designed such that adding a VFD will not be useful? Is the motor oversized or right sized? What
efficiency is the motor? What speed does the motor run: 1200, 1800 or 3600 RPM? Is the motor open

drip proof (ODP), totally enclosed fan cooled (TEFC), or other?

2.4.2 Baseline Controls

There are also many control options that can have a significant impact on the savings potential.
Although installation of a VFD by itself can save energy, when coupled with improved control strategies
there can be even more significant benefits. But it is often difficult to separate out the savings between
the VFD itself and the controls.

Some of the controls that should be considered include: What pressure is the system set at? Is there
a static pressure setpoint at which the system tries to maintain itself? What types of system controls are
used? Does the system have to maintain a minimum system pressure just to open downstream dampers
that will affect the minimum fan speed? Will there be power quality issues by installation of a VFD? Are
there multiple fans or just a single fan?

Murphy (Murphy, 2008) highlights a few specific energy saving control strategies that are often
employed with VFD systems. “Optimal Start/Stop” strategies are used to minimize the run-time at the
beginning and end of daily occupancy periods. With this strategy, a building-automation system (BAS)
monitors how long each zone takes to cool down and warm up (cooling mode, opposite for heating
mode) depending on the outside temperature, and waits as long as possible in the morning to start the
system. At the end of day it takes advantage of occupants’ tolerance of a few degree temperature drift
to turn the system down before occupants leave. These both increase energy savings from a VFD system
by reducing the run-time of the systems to the minimum possible.

“Fan-pressure optimization” monitors the minimum pressure required at all of the zone VAV

terminals and adjusts the system static pressure control based on the “critical” zone. This affects the
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energy consumption of a VFD system by bringing the fan part load curve closer to the ideal cube
relationship than if a static pressure setpoint is used.

“Supply-air-temperature reset” increases the cooling supply-air-temperature based on outside air-
temperature to increase use of an economizer, thus reducing the chiller load. This can negatively affect
the energy savings of a VFD installation because more air flow is required to cool the space due to the
higher supply temperature. When appropriate this control strategy can save more chiller energy than
the associated increase in fan energy, but not in all cases.

Ventilation optimization using various “demand-controlled ventilation” (DCV) strategies also can
lead to additional savings with a VFD installation, or if already employed can reduce the expected
savings if not accounted for. The strategies for DCV include CO2 sensors installed in high density
occupancy areas, occupancy sensors installed in lowered density occupancy areas with variable
schedules, and time-of-day scheduling can be used in predictable occupancy areas.

Because of the energy savings differences with only subtle differences in system configuration (of
which the customer may be unaware), it is especially important for the system retrofit designer and the
program implementer (who pays incentives for installing VFDs) to take care in fully understanding the
existing system configuration before estimating savings. It is also important for the independent
evaluator of such a project to understand the nuances of the systems and how they affect energy

savings.

2.4.3 Fan Part Load Curves
A primary way to understand the energy savings differences is to compare the fan part load ratio
(PLR) curves (also referred to as power ratio curves) of each system. These part load power curves are
typically based on a third order polynomial equation such as the following.
PLR= a+bXFF+c¢XxFF?+dXxFF? (7]
Where:
PLR = Part Load Ratio; ratio of fan power at part load conditions to full load fan power
FF = Flow Fraction; ratio of cfm at part load to full load cfm
a, b, c,and d = constants; fan coefficients for regression equation for fan given configuration
type
To model various fan control types, EnergyPlus and other simulation software generally use such

curves. There is not a standard set of curves for simulations or energy calculations, however, and it
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therefore requires some judgment as to which is the most appropriate to use. Several fan part load

curves are shown in Figure 7 with corresponding coefficients in Table 1.

Fan Part Load Curves
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Figure 7. Fan Part Load Curves for Various Configurations.
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Table 1. Fan Part Load Ratio Regression Coefficients. (Bonneville Power Administration), (Ernest Orlando Lawrence

Berkeley National Laboratory (LBNL), 2013), (Wray & Matson, 2003).

Fan Control Type

Regression Coefficient

b

C

Discharge Dampers (LBNL) 0.37073425 | 0.97250253 | -0.34240761 0
Outlet Damper, Bl & Airfoil Fans (BPA) 0.5592857 -0.56905 2.462 -1.4
Inlet Damper Box (BPA) 0.5025833 0.71648 -1.452 1.3
Inlet Guide Vane, Bl & Airfoil Fans (BPA) 0.472619 0.67944 -1.554 1.4
Inlet Vane Dampers (LBNL) 0.35071223 | 0.30850535 | -0.54137364 | 0.87198823
Outlet Damper, FC Fans (BPA) 0.2041905 0.10983 0.745 0
Eddy Current Drives (BPA) 0.1639683 -0.05647 1.237 -0.3
Inlet Guide Vane, FC Fans (BPA) 0.2 0.06808 -0.128 0.9
VFD (LBNL) 0.001530245 | 0.005208057 | 1.1086242 | -0.11635563
VED (BPA) 0.059 -0.19567 0.766 0.4
VFD (CA Title 24) (Wray & Matson) 0.1021 -0.1177 0.2647 0.76
E+ Prototype VAV w/ VFD (LBNL) 0.040759894 | 0.08804497 | -0.07292612 | 0.943739823

For more clarity, Figure 8 compares the fan part load curves for systems with discharge dampers and

outlet dampers for easier viewing. As can be seen, FC centrifugal fans with outlet dampers have

significantly lower PLR’s than similar systems with Bl or AF blades. When calculating savings it is

important to identify which type of fan blade the system has.
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Figure 8. Fan Part Load Curves with Outlet or Discharge Dampers.

Figure 9 shows the curves for systems with inlet dampers or IGVs. Similar to the curves for outlet
dampers, the systems with IGVs on FC fans have significantly lower PLR’s than those with Bl or AF

blades.
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Part load curves for ASD systems are shown in Figure 10. There are several curves shown for VFD’s,
however, they are all quite similar. The main difference occurs below a part load flow fraction (FF) of
30%. Below this fraction the LBNL model continues to a minimum PLR of 0.0%, suggesting an idealized
relationship based on the affinity laws. This is possibly appropriate for low pressure applications such as
cooling tower fans or domed vent fans (Stebbins, 1994). The CA Title 24/Wray and Matson model levels
out at roughly 10% PLR, which reflects a recognition of minimum static pressure requirements more in-
line with actual field conditions, with the others in between. This can have a significant impact on overall
estimated savings if a significant fraction of the fan run hours are below 30% FF. Because there are
always friction losses that the motor must overcome just to maintain its minimum speed, the LBNL
model likely underestimates the PLR in this range, whereas the CA Title 24/Wray and Matson model is
more realistic. Because of these reasons the analysis and modeling for this report will use the CA Title

24/Wray and Matson VFD model as a slightly more conservative estimate rather than the others.
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Figure 10. Fan Part Load Curves with ASDs.

There are significant differences in the energy savings potential of a VFD project depending on what
the actual baseline is. When estimating potential energy savings from a VFD project it is important that

the correct baseline curve is used.
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Chapter 3

3 Energy Efficiency and Demand Side Management Programs

To achieve energy savings through efficiency improvements, the most common tactic states have
taken is to adopt energy efficiency portfolio standards (EEPS*). These standards generally set specific
savings goals for utilities to achieve through EE/DSM program offerings. Programs are typically
differentiated by ratepayer sectors such as residential, commercial, industrial, government, etc. Some
programs are separated further by technology type or by rebate type such as prescriptive measures and
custom measures.

Custom measures are offered incentives based on a fixed incentive per kWh or kW saved.
Prescriptive measures are commonly offered fixed incentives per unit installed, where units relates to
the type of measure. For example, a program could offer a fixed incentive per installed ENERGY STAR
refrigerator independent of actual energy saved, or a fixed incentive per light fixture meeting a certain
criteria. Some programs offer incentives for VFD installations on HVAC fans or pumps based on a fixed
incentive per HP controlled, or incentive per kWh saved using a fixed formula for the kWh saved. Other
programs offer incentives based on a percent of incremental cost of the VFD installation. Still others may
offer a fixed incentive for different motor size categories such as an incentive for VFDs on motors 1-5

HP, another for 6-10 HP, another for 10-20 HP, etc.

3.1 Ex Ante Savings versus Ex Post Savings Estimates

Regardless of how the incentive is paid, the programs must always provide an estimate of the
energy savings for each measure incented. To do this, many jurisdictions use a standard document
which specifies a methodology which must be used by the program implementers to estimate savings by
measure type. These documents take many forms, but the most common is to use a Technical Reference
Manual (TRM) or its equivalent. These savings estimates are used as reported “ex ante” (claimed)

savings towards the implementers’ mandated savings targets.

! “EEPS” will be used throughout this paper as a general reference to all legislation, regulation requirements, or
utility decisions which result in the requirement for a given entity to develop portfolios of energy efficiency

programs within the applicable jurisdiction in order to meet set energy and/or demand reduction compliance targets.
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An independent evaluator typically selects a statistically valid random sample of projects for the
program year to verify savings and come up with “ex post” (verified) savings estimates. The ratio of
project ex post savings to project ex ante savings is called the project realization rate. The sampled
realization rates are combined using statistical methods to determine a program level realization rate.
The program level ex ante savings are then multiplied by the program level realization rate to determine
overall verified savings for compliance.

For several jurisdictions the savings are verified using the TRM, thus it is important that the TRM
protocols produce savings estimates that are reliable predictors of average program savings for each

measure type.

3.2 Technical Reference Manuals

[This Section 3.2 is reprinted from a previously published paper of the author’s (Del Balso & Grabner,
2013)]

A TRM, as related to energy efficiency programs or their equivalent, is a manual that specifies a
standardized methodology for implementers to estimate and claim savings (energy, demand, fuel,
water, greenhouse gases, etc.) for many common, mass marketed, energy efficiency measures. They are
also sometimes used by evaluators as the yardstick against which the implementers will be judged. For
jurisdictions with multiple implementers offering the same measure, this ensures all parties are claiming
savings for the measures in a similar manner, and sometimes using the same deemed savings estimate.

In jurisdictions without a TRM, it is typical for each implementer offering an energy efficiency
program to claim measure savings using their own methodology and estimates. This commonly results
in each program claiming a different savings for a given measure, even though there may be no
indication of actual differences between the program offerings and measure savings. A TRM reduces this
inconsistency by providing a representative average “deemed” savings value or standard “deemed”
savings algorithm for each measure in the TRM to be used by all implementers.

TRMs usually include “fully deemed”? measures and “partially deemed”® measures, but rarely
include protocols for custom measures. Different terminology may be used in various jurisdictions, but
in general, “fully deemed” refers to measures for which a single average “deemed” savings value is

provided in the TRM to be used no matter what the actual customer conditions are. No customer

29 ¢

% Sometimes referred to as “deemed,” “prescriptive,” “stipulated,” etc.

113

3 . . . . C .
Sometimes referred to as “semi-deemed,” “quasi-deemed,” “quasi-prescriptive,” etc.
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specific inputs are required to claim savings. For example, some TRMs provide a single deemed savings
estimate for all recycled refrigerators regardless of size, location, age, configuration, etc. Fully deemed
measure protocols work best for large scale mass market measures where there is strong empirical data
to derive an estimate for average savings for the population, or measures with conditions of installation
that rarely fluctuate significantly from a known value. The advantage of fully deemed measures is that
they enable very cost effective implementation due to their simplicity. Their disadvantage is that if the
population of participants is relatively small, the participating population measure consumption differs
in some way from the assumptions, or there is limited reliable data to support the savings estimates,
then the deemed savings estimates may be inaccurate and unreliable. They also generally are not
reliable predictors of savings for an individual customer.

“Partially deemed” measures are somewhere between fully deemed and custom measures. For
measures which vary significantly in their installation characteristics, the TRM may use a standard
“deemed” savings algorithm rather than a fully deemed savings value. The protocol may include some
“deemed” variables which must be used by implementers for all customers, and some variables which
have default values for each jurisdiction or measure characteristic, but which may use customer specific
inputs in place of the defaults if known. Some variables may not include a default value at all, but
instead the implementer is required to obtain customer specific data. These measures are not
appropriate to be fully deemed because the true savings fluctuate widely from customer to customer
and a representative average is difficult to determine. Examples include commercial and residential
HVAC measures, non-residential lighting projects, variable speed drives, etc.

Custom measures are on the other end of the spectrum from fully deemed measures. They are
generally one of a kind measures for a given customer, and/or so complicated or rare that average
savings estimates cannot be reliably derived. Examples of custom measures include modifications to a
unique industrial process, a large chiller plant upgrade with multiple chillers and complicated control
sequences which does not fit common TRM measure parameters, or installation of a newer technology
that has not yet been evaluated as part of an energy efficiency program. Custom measures generally
require project specific savings estimates to be derived once the project details are known. Custom
measures are more complicated to implement than fully deemed or partially deemed measures, and
therefore, many implementers prefer to include as many measures as possible in a TRM as fully or
partially deemed.

Due to the unique needs of each jurisdiction implementing energy efficiency programs across North

America, there is a diversity of approaches to naming, developing, using and maintaining each
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jurisdiction’s equivalent of a TRM. What is considered a “measure savings protocol” in one TRM may be
termed a “measure substantiation document” in a different one, “unit energy savings” in another or a
“measure estimation sheet” in yet another.

TRM'’s have been developed in many forms including stand-alone text documents, stand-alone
spreadsheets, downloadable programs, web-based applications, and any combination of these. The
most common format is a text document with or without supporting spreadsheets, however, several
jurisdictions maintain databases of energy efficiency measure savings which contain similar content and
serve a similar purpose as a TRM, but are not called a TRM. As an example, California has an extensive
database of deemed measure savings titled the California Database for Energy Efficiency Resources
(California Public Utility Commission, 2011), more commonly known as the DEER. This database has
been developed overtime through significant research, metering studies, and evaluations. The Michigan
Energy Measures Database (MEMD) (Morgan Marketing Partners, 2013) is another tool that is similar in
purpose and function as a TRM, but which resides in a database rather than a text document. The Pacific
Northwest Electric Power and Conservation Planning Council's Regional Technical Forum (RTF) uses
multiple documents together which collectively serve a purpose similar to a TRM. The RTF has
established four different savings estimation methods which can be used for energy efficiency
measures, two of which when combined would be similar to a TRM, the “Unit Energy Savings” (UES) and
“Standard Protocol” methods (Regional Technical Forum (RTF), 2012). The US Department of Energy
funded Uniform Methods Project (UMP) (National Renewable Energy Laboratory (NREL) and The
Cadmus Group, Inc, 2012) is an attempt to develop “a set of model protocols for determining energy
and demand savings that result from specific energy-efficiency measures or programs.” The vision is that
the UMP protocols will serve as generally accepted industry standard framework that can be
incorporated into a TRM and modified as needed.

Regardless of the terminology used, at a minimum they all include protocols to estimate savings for
measures which are incented in energy efficiency programs. This typically includes residential and non-
residential electric energy efficiency measures which are incented in a prescriptive manner. Some TRMs
also include gas and other fuel energy efficiency measures, and even custom measure savings protocols.
The type of measures (electric, gas, other) included is generally based on the needs and scope of the
applicable EEPS or equivalent legislation.

Whatever the format, the content within each measure protocol includes at a minimum, the
methodology for estimating energy savings, whether it is from electricity, fuel, or both. This may be in

the form of a fully or partially deemed savings estimate, and in a few cases custom measure protocols.
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The protocol may include a methodology for estimating electric peak-demand savings, water savings,
measure lifetimes, required/allowable incentive levels, incremental measure cost assumptions, total
resource cost (TRC) estimates, and/or any other information the stakeholders establish as appropriate
for their jurisdiction. Some TRMs include measurement and verification (M&V) requirements in addition
to the savings estimates. The scope of the TRM measure protocols will be based on the needs of the
stakeholders developing the TRM.

Due to the varied nature of their development and purposes, some TRMs are quite complete and
thorough in their documentation. These standalone TRMs include common cross-cutting assumptions,
the purpose of the TRM and its proper application within the TRM document itself, in addition to the
measure protocols. Some jurisdictions maintain several documents which collectively serve as a TRM,
with each document focused on a specific measure or providing specific guidance on the use or

development of the measure protocols.

3.3 Literature Review

Section 3.4 below discusses the methodologies used in each publically available TRM identified for
this study. As far as the author is aware, there are no research papers comparing the different savings
methodologies used in the TRMs across the country. Further, there are no studies investigating the
reliability of the various TRM methodologies against the verified savings for real case studies. There are
many annual energy efficiency program evaluation reports available which compare the verified savings
for one program against the verified savings for a sample of projects within that program, but often
those evaluations use the same methodology as the TRM to derive the verified savings. This does not
provide a realistic check on the TRM methodology, but rather only provides a look at whether the
implementers were correctly using the TRM.

Further, there are very few programs which include only incentives for VFD measures, thus the
evaluations typically include sampled projects from all of the available measures offered. This prevents
one from being able to derive VFD specific findings from the reports.

While there are several research papers investigating the savings associated with installation of
VFDs in industrial applications or on pump motors, there are relatively few looking specifically at HVAC
fan installations in commercial buildings. The following sub-sections summarize the findings of a

literature review on this topic.
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3.3.1 Overview

Although focused primarily on the industrial sector, Saidur (Saidur, A review on electrical motors
energy use and energy savings, 2010) provides a good literature review on motor use and opportunities
for energy savings in industrial applications. As the paper is focused primarily on energy efficient motors
and their savings, it does not extensively cover the aspects of installing VFDs. The review does briefly
cover the installation of VFDs on motors in HVAC applications, but does not go into much discussion on
calculating energy savings from their installation.

Several of the authors referenced in the paper explained the significant opportunity for savings
associated with replacing inefficient motors with efficient motors, and reported that most motors do
not operate at full load. There were conflicting studies on the operating points of most motors. One
author suggested that most motors in buildings and industrial facilities operate at a load factor between
50 percent to 70 percent. Another author wrote that 75 percent of motors in industrial facilities operate
at load factors less than 60 percent. In a separate U.S. Department of Energy document, the load factor
is assumed to be 65 percent for calculations unless otherwise known (Lawrence Berkeley National
Laboratory, and Resource Dynamics Corporation, 2008). This is significant because motors are most
efficient when they are at roughly 75 percent load factor or greater. Motor efficiency and power factors
drop significantly at less than 50 percent of full load. Because most motors are operating at such low
load factors there is much potential for energy savings when installing a VFD.

Saidur also referenced several studies in which savings from VFD installations were estimated. One
author estimated savings from a VFD installation on a hospital pumping system with simple calculations
using the fan affinity laws, but did not compare those to actual savings (Lonnberg, 2007). The paper
looked at potential savings only, and did not compare the calculated estimates to those from an actual
installation.

Another study looked at savings from VFDs in a metal plating facility, but did not describe how those
savings were calculated (Galitsky & Worrell, 2008).

A third study looked at VFD installations in the pumping of machine coolant in an engine plant.
Savings were calculated using metering output from an energy management system (EMS) rather than
using an algorithm based approach (Price & Ross, 1989).

A fourth study looked at savings from installation of variable speed chiller plants. In this study,
computer simulation modeling was used to estimate savings with the model based on the fan and pump
affinity laws using a cubic relationship (Yu & Chan, 2009). The paper did not, however, compare the

computer simulation estimates to actual metered savings from an actual installation.
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Yet another study presented savings from installing VFDs in selected industries. Energy savings were
estimated using a deemed savings percent estimate from Arizona Public Service’s energy efficiency
program (Saidur, et al., 2009).

Teitel et al. (Teitel, et al., 2008) performed an experiment to estimate energy savings from the
retrofit of poultry house ventilation fans with a VFD. Two identical poultry houses were metered using
an ON-OFF fan operation in one of the poultry houses, and using a fan controlled by a VFD for the other
poultry house. Metered energy consumption was compared to show energy savings from the VFD. No
model or algorithm was used or developed however.

None of the studies listed investigated different savings methodologies for installing VFDs in
commercial office HVAC applications as is the focus of this report. Nor did they compare different
savings estimation methodologies to other methods, or compare metered savings results to predicted

estimates. The author was not able to find any studies which did such a comparison.

3.3.2 Case Study Paper Reviews

Some of the reviewed papers did include case study comparisons. An early paper reported the on
the consideration of installing a VFD on an new industrial plant process cooling tower fan motors as
compared to installing a constant volume fan (Cassidy & Stack, 1988). Also considered were outlet
damper controls and inlet guide vane controls. Calculations were performed using the simple fan affinity
laws and a cubed relationship. More robust analyses and evaluations performed since 1988 have shown
the cubic relationship to overstate realized savings due to efficiency losses.

A study was reported on in 2002 which compared the economics of various cooling tower capacity
control methodologies (Stout Jr. & Leach, 2002). This study focused on the overall cooling tower
efficiency changes based on water temperature and flow control rather than on different methodologies
to estimate fan motor savings from a VFD installation. Comparisons were made between different
control strategies with each analyzed using a single speed fan, two speed fan, and a variable speed fan.
The study was primarily interested in savings due to the different control methods rather than the
differences in fan operation.

Wang and Liu (Wang & Liu, 2003) estimated energy savings from installation of VFDs on a non-
makeup-air laboratory fume hood system. They showed how savings can be estimated compared to a
constant volume fume hood system. In addition they showed how savings can be calculated in a three

fan system and provided algorithms to optimize fan operation between the three fans as compared to
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the baseline system. Although the study shows significant fan energy savings, the study focused on

laboratory fume hood retrofits only.

3.3.3 Savings Estimation Techniques
As shown in the Section 3.4 there are various methodologies employed across the country used to
estimate savings from VFD installations. A few papers used one or more of these methodologies to

compare savings to case study projects as described further below.

3.3.3.1 Simple Engineering Algorithms / Affinity Laws

One of the most fundamental methodologies to estimate energy savings from VFD installations is to
use the fan affinity laws. Calculations using the affinity laws are commonplace. There are, however,
several ways to overestimate savings when using the ideal fan or pump affinity laws. These issues must
be accounted for to avoid significantly over-estimating savings. Maxwell summarized several of these
issues: system elements that affect system head pressure independently of flow rate; system elements
that change head pressure in proportion to less than the square of the flow rate; dynamic system
elements such as downstream dampers; changes in fan efficiency with modulating flow, pressure, or
speed; decrease in motor efficiency at low part loads; more efficient existing part load controls than
expected; drive efficiency curves; and low load factor at full flow. Individually each of these can cause
savings estimates to be off by at least 2% and up to 10% or more in some cases. (Maxwell, 2005)

Rice (Rice, 1988) suggests energy savings are best estimated by separately calculating the baseline
and retrofit energy consumption, then taking the difference. He describes that to use the affinity laws to
estimate savings, one must first account for the system static head or static pressure requirements as
anything above zero will affect the intersection point of the system curve on the pump or fan curve. If
this is not accounted for savings will be overestimated. To estimate savings the evaluator must
understand the baseline method of flow control, gather the pump or fan data, gather the process
information which affects savings such as: specific gravity or density, system resistance (static
head/pressure versus frictional), and pump/fan efficiency curves. One also needs efficiency curves for all
the electrical components such as the motor, drive, gears, transformers, etc.

Reasonable assumptions can be made for the pump/fan curves and electrical efficiency curves
without drastically affecting savings estimates, however, project specific data is needed on the other
data points to reliably estimate savings. It is critical to have not just full load efficiencies, but part load
efficiencies as well in order to estimate baseline and retrofit consumption and therefore savings. This
often requires metering.
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Lee (Lee, 2001) compared savings estimates from VFD installations for several case studies in various
industrial applications using estimated energy savings based on metering results and energy savings
estimates made using the fan affinity laws and engineering calculations. For the simplified calculations,
the base kW estimates were made using an assumed load factor, the nominal nameplate HP, nameplate

efficiency, and the following algorithm:

kw

hp x 0.746 (W) x Load Factor

Motor ef ficiency

Pre — retrofit baseline kW = (8]

Energy consumption and savings were based on projected baseline run-hours determined through
interviews with plant/facility maintenance managers. All baseline systems were constant speed/volume
applications. These reported run hours were used with the pre-retrofit baseline kW to project baseline
energy consumption.

Post retrofit projected consumption was calculated using the affinity laws with a 2.5 power rather
than a cubed power based on Stebbins’ (Stebbins, 1994) work showing the affects of static
pressure/head on the ideal relationship. The following algorithm was used:

Power?2 Speed2\*®
- (e

Powerl  \Speedl

It appears that post retrofit metering data was used to estimate the percent time the motors spent
in various speed bins, but this was not clarified in the paper.

The calculated baseline kW, run hours, and calculated energy savings estimates were compared to
the estimates using the pre and post retrofit metering data. The conclusion was that the run hour
estimates made from facility maintenance manager interviews were not that reliable. The predicted
energy savings from the simplified calculations varied significantly from the metered results. As such,
the author recommend VSD savings should be estimated using metered results to determine baseline
power, run-time hours, and speed bins rather than using interviews and nameplate data. There was not

a judgment made on the use of the 2.5 power on the affinity law. It is important to note that these were

industrial applications which tend to have more variation than HVAC applications.

3.3.3.2 Spreadsheet Calculations

The more reliable methods to estimate savings that do not rely on computer simulations generally
require input of a system load profile which looks at the time a fan motor spends in various ranges (bins)
of percent flow (Rouse, 2009). Minimum and maximum allowable speed/flow and the amount of

throttling that occurs within the full operating range over the course of a year determine how much
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energy can be saved by installing a VFD (Ontario Hydro, 1997). The hours spent within each speed/flow
range are recorded in a spreadsheet. The affinity laws or a regression equation for the power/flow
relationship for the system are applied to each bin. The energy consumption for each bin are then added
up and compared to the baseline energy consumption to determine savings.

It is recognized that demand savings estimates are difficult to predict on a system level basis when
comparing multiple different system configurations. It is best not to look at individual components, but
the combined efficiency of each system considered. Although not specifically focused on VFD savings,
Kavanaugh developed a simplified spreadsheet calculation to do a quick early design comparison of

different system types to compare design day max efficiency (Kavanaugh, 2003).

3.3.3.3 Computer Simulation Energy Modeling

One of the advantages of a building computer simulation methodology to estimate savings from VFD
installations is that the computer simulations can model efficiency and consumption changes that occur
in the different parts of the HVAC system as a result of installing a VFD on the fan. For example, on
systems with the motor in conditioned spaces, running the motors at reduced speeds can not only save
energy from the fan motor, but can reduce the cooling load on the building HVAC system due to lower
motor heat losses. During the heating season, however, the lower fan motor heat losses may require
increased heating energy consumption to meet the heating load.

Computer energy simulations also have the ability to isolate savings from installation of the VFD
from the savings associated with various control methods. This is often not possible when using billing
data or metered data.

When determining savings from VFD’s it is important to consider not just the nominal efficiency of
the motor at full load, as this may represent only a small fraction or (or even none of) the annual
operating points. It is necessary to look at the combination of the fan efficiency curve, the motor
efficiency curve and the VFD efficiency curve. These should then be compared to the system efficiency
curve to determine where on the combined fan/motor/VFD efficiency curve the system operates.
Unfortunately this point is always changing as the system adjusts to load. It is difficult to make accurate
energy consumption estimates based on a single two dimensional curve as it is not representative of the
real complexities of the system. More advanced modeling software can use the efficiency curves for
each component to determine operating conditions for annual energy simulations. (Rooks & Wallace,

2004)
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Eto and Almeida (Eto & De Almeida, 1988) evaluated the potential energy savings achievable
through installation of a VFD on a commercial HVAC fan and chillers as compared to using inlet guide
vanes. Computer simulations were performed with different parametric runs on two prototypical
commercial buildings and using five different climate zone weather files. The commercial building
included in the study was a prototypical retail strip mall and a prototypical medium office building. Both
building prototypes were made to meet ASHRAE Standard 90-1975.

The baseline HVAC system for the retail building was a standard VAV system with inlet guide vanes.
The retrofit scenario was modeled with a VFD installed. The baseline for the office building was a dual-
duct VAV system with inlet guide vanes. The retrofit scenario was modeled with VFDs installed. The
office building also included retrofit of a conventional constant flow chiller with a VFD chiller. Savings
from retrofitting the chiller were separated from the fan retrofit savings by running multiple model
configurations.

The models were each run in five different climate zones using Weather Year for Energy Calculation
(WYEC) data. Simulations were performed using the DOE-2.1C simulation program.

The simulations showed savings for both the fan and chiller applications, but also showed increased
heating consumption due to the reduced heating load from running the fans at lower speeds. These
HVAC interactive effects are generally not accounted for in the simplified VFD savings models.
Interestingly the energy savings for the retail models differed much more between climate zones than
the savings for the medium office building, primarily because the office building HVAC load was more
dominated by internal loads as compared to the retail building. Both prototypes showed potential for
economical energy savings, with the office building showing somewhat more potential. This study did
not compare the modeling results to other savings estimation methodologies, nor to verified case

studies.

3.3.3.4 Statistical Approaches

Yalcintas (Yalcintas, 2008) presents the use of an Artificial Neural Network (ANN) approach to
estimating savings for two different case studies. One of the case studies was the installation of VFDs on
an existing air-handling units of a hotel and the addition of energy management systems in each guest
room. According to Yalcintas, the benefit of using a ANN approach as opposed to the more common
Multivariable Regression (MVR) approach is that there is a faster learning time, the analysis is more
simple, there is better prediction accuracy, and there is an added ability to model fluctuations in the

building energy use.
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This method, however, required both pre-and post metering to “train” the model before being able
to use it for prediction of savings, thus limiting its application to evaluation of savings post-installation
rather than prediction of savings pre-installation. This method is not available to predict savings in the
absence of metering, but it is rather a method to annualize short term metering results. Although the
results appeared to produce good reliability, this approach does not offer significant usability for energy
efficiency program implementation, per the focus of this report. It is possible, however, that this

approach could be considered for evaluation of achieved program savings.

3.4 TRM Savings Methodolo