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0 Executive Summary

The Northeast Energy Efficiency Partnerships (NEEP) Evaluation, Measurement, and Verification Forum
(EM&V Forum) condiis research studies to support energificiency programs and policy in the
Northeastand MidAtlantic states In 2012, the EM&V Foruand its Sponsorsommissioned this

Variable Speed Drive (VSD) Loadshstpey to determine thehourly energy and demandmpacts of

variable speed drivemstalled on HVAC equipmein existing nonresidential buildisghroughout the
Northeastand MidAtlantic.

Between 2013 and 202 / | RYdza | YR 5alL O6GKS S@FfdzGAz2zy G§SFYO &
Technical Committee toompletethis study. This report describes the studlgjective, methods, and

resuts | yR GKS S@Ffdzad dAazy GSIyYQa NBO2YYSYRIFUGAZ2Yya T2N
variable speed drive projects.

0.1 Objective

The EM& Forum commissioned this study to assessaheual, peak, antiourly demand impacts from
VSDinstallations. The studfocusedon VSDretrofit projects onheating, ventilation, and air conditioning

(HVAQ equipment in existingcommercialbuildingsusing 80 6 Sa FTNRY (KS {LRyaz2NDa
programs.Through primary and secondary data collection and analysiseth&iation teandeveloped

hourly demand savings estimatesavingsloadshapes for VSDs installed on variot#/ACequipment

types acrossthe Northeast and MidAtlantic states' The study uses tls® loadshapes to calculate key

savings metrics, including average annual energy savings and demand savings during peak periods,
attributed to VSD retrofit projects across the NEEP states.

The EM&V Faim provides these study results and primary data sariembers to support Sponsor
activities including regulatory filings for energfficiency programs, demand resource values submitted
to forward-capacity markets, and air quality research.

0.2 Methods

Thestudy resultsrely on extensive ossite data collection and metering, includimgore than400 VSD
installations across eight states, and thorough engineering and statistical analysis forthe population of
prescriptive VSD retrofit projects installed by NEEP Sponsors in 2010 and 2011. The stieder@ged

data fromthe 2013 Massachusetts sty of VSD installations that included both gegrofit and post

retrofit metering (Massachusettdre/Post VSD Study)

1 The Northeast and Midtlantic states include Maine, New Hampshire, Vermont, Massachusetts, Rhode Island,
Connecticut, Delaware, New York, Pennsylvania, Maryland, and Washington D.C.
2 KEMA, In. and DM, Inc., Impact Evaluation of 2eA11 2 Prescriptive VSDs, May 2013.




0.2.1 Population Analysis

The evaluation team analyzgaogramtracking datafor VSD installationfrom 12 participating program
administragors in eight stategTablel). For each participating Sponsor, the table indicates the
associated state(s) and weather region(s) for implemented ptej&Ve used thesix weather regions
defined in the previous NEEP EM&V loadshape prdject.

Tablel. Participating Program AdministratorsStates and Weather Regions

Weather Regiof*

<

> nl
IR EE
- gl & S x| z| = =ls|l S
| R R e
Program Administrator (Sponsor) § Z__ﬂg g ;_ © é 2| e -c% =N
= 7 I Tl = S5 &z
8 3 % < Iod = % < S 2| 2 o
|2 EHEEE
HEEHEIEIE
Baltimore Gas and Electric (BEX E .
Connecticut Light and Power (CL&P)* E .
Consolidated Edison of New York (Ealson) E
Efficiency Maine Trust (EMT) E .
Efficiency Vermont (EV) E .
First Energy E .
Longlsland Power Authority (LIPA) E ,
National Grid E E . .
NSTAR Electric (NSTAR)* E ,
NYSERDA E . .
Pepco E .
Public Service of New Hampshire (PSNH)* E

* CL&P, NSTAR, and PSNHpareof Northeast Utilities

Based on this review, the EM&V forum agreed to focus the study on prescriptive VSD installations
completed in20100r 2011 0n the following equipment types:

1 Supply Fan§SF)
1 Return FangRF)
T Cooling Water Pump&CWP)
1 HeatingWater Pumps(HWP)

3 KEMA, Inc., C&I Unitary HVAC Load Shape Project Final Report, June 2011.
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1 Water Source Heat Pump Circulation Pur(yy41P)

These five equipment types represent tR&D installationsvith the largest annual energy savings
across theNEEP Sponsor territories

0.2.2 Sampling

Due tothe objectives to capture fivequipment types and analyze regional differences, the desire to
represent each study Sponsandlimited auxiliary data for the study population, the evaluation team
developed a uniquamulti-stage, multiphase sampling strategyVe implemented this stageand

phaseal samplingapproachto developthe study sample of VSD projedteacked projects with VSD
installationg and units (specific VSD installationgjhis approaclenabledthe team to conductargeted
sampling topursue adequaterepresentation for eah Sponsor, weather region, arefuipment type
while ensuringthat the samplewasrepresentative of the regional population of VSD installation within
each equipment type category.

Sampling Stages

We performed two stages of sampling because the onlyveaie auxiliary variables for the population

were project size (tracked annual energy savings) and weather region. Although the sampling objective
was to collect representative sample diie five selected equipment types, the evaluation team could
not sanple based on equipment type because some program tracking data did not include these data.

In the first stage, we sampled projects based on project size and weather region. In the second stage, we
sampled units within each sampled project to target thepeopriate equipment type for this study.

Sampling Phases

Because the tracking data did not include equipment tygermation for all projects and some
equipment types were more prevalethan others we performed multiple phases of sampling to
ensure adguate representation oéll five selected equipment tygen the study sample.

In the first phase, we sampled projedisith the sample size set t80% of the totaproject samplesize)

and then analyzed the distribution of equipment types from those BHaprojects. For subsequent
sampling phases, we minimizeselection of the equipment types (SF and CWP) that were most common
in the previous sampling phasde maximizeselectionof the lesscommon equipment typesRFHWR

and WHP).

0.2.3 Data Collection

Thestudy requiredextensive data collectianincluding onrsite data collection and loatgrm metering
for over 400 VSD installationgo support this study.Table2 summarizesthe primary and secondary
data collection activities we completed between June 2012 and September 2013.




Table2. Data Collection Activities

Primary Data
The evaluation teamollected and reviewed the tracking data for VSD installations compl

SponsorTracking ; ¢ Np gzaK G KS {LI2ya2NDRA LINBIN} Y& 2S dza S|

bata design the study sample.
Equipment Inspection and Survey
The evalution teamsurveyed facility staff for sampled projects to collect information abo
normal facility and equipment operation and baseline conditions. We used these data tc
. develop our models for both VSD and baseline loadshapes.
On-Site Survey

Metering

The teaminstalled powermetering equipment on sampled units to measure the energy
consumption of VSontrolled equipment throughout the year between August 2012 anc
September 2013. We used these data to model the hourly operation and electric dema
VSDBcontrolled units.

Secondary Data

TRM Review

The teanreviewed the existing savings methods and assumption in the Spdisaisnical
Reference Manuals. We used this information to compare the results of our study to exi
savings claims.

Review of Existing VSD Savings Methods

The teanreviewed common methods for estimating energy and demand savings from V
installatiors. We used this information to develop our baseline demand model.
Massachusetts Pre/Post Metering Study

The teanreviewed the meter data and analysis results from the Massachusetts Pre/Pos
InstallationVSD StudyWe used these data and findingsdevelop and verify our baseline
demand model.

The teancollectedactualand TMY hourly weather data for the Northeastd Mid-Atlantic
weather regions. We used actuaburly data to examine relationships between VSD powe
and ambient weather conditions. We applied those relationships to TMY data to predict
power during typical weather years.

and Metering

Existing Savings
Values, Methods
or Assumptions
for VSDs

Historical and
Actual Weather
Data

0.2.4 Data Analysis

The evaluation teanused primary and secondary data to develop estimates oftngngs loashapes
and savingsnetrics for each sampled unibased on models thatsethe hourly operation and power
schedulesfor the pre- and postretrofit conditions as well agypical calendar yeaveather conditions
We used these unilevel modelgo estimate savings loadshapeadametrics based otypical weather
yearconditions.

Hourly Operating Schedule
Thehourly operating schedule indicates the percentage of time in each hour of the year that we expect
the unit to operate. Taking into consideration factors such as operagegson, operating schedules,
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andunit type, we used our meter and survey data to develop the pesbfit operating schedule for
each unit.

Due to limited information about preetrofit operation, we assumd that the preretrofit (baseline)
operating sckdule was the same as the observed pastrofit (VSD) operating schedule. Although we
confirmed that a VSIhstallation could changeboth the operating power and the operating hours of the
connected equipmentwe determined through discussions with the NEEP Technical Committaethis
study would focus only on the savings achieved by power reductiesidting from the VSD installation

Hourly VSD Power Model

We developed a VSD power model for each tmiestimatethe electric demand required by the unit

when it operateswith the connected VSDVe analyzed relationships between measured operating

power andfour variables: operating season, day type, hour, aotdoor temperature. We usedhe

relationships to develop ase&t¥ K2 dzNI & Y2RSt & F2NJ SFOK dzyAd GKFG LN
demandbased ora typicalcalendar yeaweather.

Figure 1 shows an example of our hourly modeliagproach for a unit that exhibited temperature
dependence. The first row shows the actual hourly VSD demand plotted by temperature for weekdays
and weekends. The second row shows our modeled hourly output for the same temperature data. In
each figure, tie colors indicate the differenthourly models.

Figurel. Examples of Hourly Models for Temperatui@ependentUnits
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HourlyPre-Retrofit Power Model
Because this study did not include petrofit observations omeasurements, weleveloped a baseline
modelusing a combination of primary and secondary dataestimate thetypicalhourly operating
power. In particular, we usetheter data from the Massachusetts Pre/Po$tSD Studyo guide and
verify our baselineassumptions Table3 summarizes our modeling approach for pegrofit systems.

Table3. Baseline Model Approach on Baseline System Type

Approach for Estimating thére-Retrofit Performance Curve

Constant Volume (CV) | Equipmentoperatesat constant full load power (100% FLP) during all operating ho
Equipment operates at same flow rate as pastrofit equipment.Estimate pre

Variable Volume (VV) | retrofit power using measured hourly pesttrofit power and DOR eQUEST
performance curve$

* Based on information provided by facility staff; otherwise, deterndibased on distribution of known baseline

types within the equipment categgr

We assigned all units to one of two baseline categariesnstant volume (CV) or variable volume
(VVI based on information provided by the facility staff during oursite surveysThis baseline
category determined the baseline performance curve we used to estimategprefit operating power.

Several key observations from our-site surveys, secondary dataviews and experience with existing
commercial buildings shapetlis bagline model. These are:

1 The majority of HYA€n and pump motor®perate at constant power in the preetrofit
condition, where we defined the preetrofit condition as the period immediately before
participating in a prescriptive VSD retrofit program

1 Pre-retrofit meter data from theMassachusett$re/PostVSD Studyndicated a strong
correlation between the measuredveragepre-retrofit operating power and the ratedhotor
horsepower.

1 AlthoughVSDs are able to reduce both operating power and operating hours, changes in the
operating schedule between the prand postretrofit conditions are difficult to quantify
without adequatepre-retrofit data. For this study, we assumed the gedrofit operating hours
matched the postetrofit operating hours>

Unit-Level Loadshapesnd Savings Metrics
We used our model$or operating schedule, VSD power, and baseline power to estimatgrdzectrofit
(baseline) and postetrofit (VSD)hourly demand loadshze foreach unit As indicated ifFigure2, we

4 http://www.doe2.com/equest/
5 This assumption likely ralts in understated savings for VSD retrofit installations since we do not account for any
impacts of reduced schedules but expect that VSD retrofits allow for these additional savings.

Vi
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calculated the savings loadshape by subtracting the hourly VSD loadshape from the hourly baseline
loadshape.

Figure2. Calculation for the UniLevel Savings Loadshape

Unit Post
Retrofit

Unit Pre
Retrofit
Loadshape

Unit
SEV[]
Loadshape

(VSD)
Loadshapne

We then used these unlevel savingdoadshapes to calculate key savingstrics for each unijt
including annual energgnd peak demandavings

0.2.5 AggregationAnalysis

In a typical evaluation study, thevaluation team predefines thaggregation method based on the
sample designThis approaclypically involves usingamplingweights to aggregate thesampled unit
observatiors in order to produce gopulationlevel estimate of the result In this study, due to the
observeddiversity in unit-level operating characteristicand distinct populations of temperature
dependent andemperature-independent units, weleveloped anccompared four different methods of
aggregationto analyzethese differences in an aggregation analysis

We worked with the NEEP Technical Committee to develop four methedsptionsfor aggregating the
unit-level data into population results. Each methosksa different combination of unitevel data to
develop thepopulation results, representingifferent assumptions that can be made about
differentiating or combiningunit sulpopulations across weather rgions.

We developed a set of formulas to estimate thggregatedresults for subpopulations of units (e.g.,
temperature-dependent supply fans in the Miéitlantic weather region) antb combine those
subpopulationresults to obtain overallpopulationresults (e.g., supply fans in thortheast). For each
aggregation method, & used these formulas tproduce populatiodevel savings estimates with
populations defined byquipmenttype andweather region.

In collaboration with the NEEP Technical Committeeexamined and compared the results of these
calculationsto select the aggregation method that provides the most accurate and usesult to the
study SponsorsWe selectedhe aggregationmethod (Method D that combines all unit data within
each equipmat categoryacross weather regiondVeused aggregation Method @ develop a single
set ofweighted averagdoadshapes and savings metrics for each equipment typeahppliesacross the
northeast region.

Vii



0.3 Results

Using the results of the aggregation analy#ig, evaluation teancombined the unilevel savings

results todevelopaveragesavingsresultsfor VSDs installedcross the NEEP regiofithough we

expected to observe significant regional differences in @&formance, our observations and analysis
highlighted unexpected findings that guided our final approach and presentation of results. The final
study results represent the average paorsepowersavings achieved from VSD retrofits on key HVAC
systems irexisting nonresidential buildings

In this section we descrik the final study sample our observations about the perfarance of the

sampled units, our findings about baseline systems, key assumptions that shape the analysis and results,
and our estimags of the average energy and peak demand savings achieved by VSD installteons.

follow the presentation of results with a discussion of the how the Sponsors may use the results for
future programs andhe key findings that influenced the final analysis

0.3.1 Final Sample

The savings results in this study rely on the primary dad¢aevaluation teantollected from the final
sample of VSD projects and unif&able4 shows the final sample of metered units by equipment type
and weather region.

Table4. Final Sample of Equipment Type by Weather Region

| Eubmeniipe | DV LAT LNEE NEN NES| Ut | Toal peiot o

Supply FansS 33%
Return FansRH 9 15 13 17 4 2 60 15%
Cooling Water Pump€Wwnp 4 20 22 53 3 7 109 28%
Hot Water PumpsHWBH 5 6 3 40 11 12 77 20%
Water Source Heat Pump

Circulation Pumps/i{HB 3 0 1 8 3 0 15 4%
Total 56 65 60 141 41 29 392 100%
Percentof Total 14% 17%, 15% 36%, 10% 7% 100% NA

Weather Region<DNY = Bwnstate New York; MAT = Miitlantic; NEE = New England East; NEN = New Eng
North; NES = New England South; UNY = digsiNewYork

The final sample includes 392 ViaBtallatiors acrosall weather regionsand equipment types We
stratified by weather region in our sampling approachjisat the number of sampled projectacross
the weather regionsvould berepresentative othe distribution in the population. Due to our phased
sampling approach, the overalistribution of equipment typesnay notrepresent of theoverall
population of prescriptive VSD installations (i.e., supply fans likely represent more than 33% of the
installations overall). Howevemyithin each equipment type category, the distribution of units across
weather regions likely represents the distribution in the population. Wedsampling weights at both
the project and unitlevelsto account foranydifferences in the sampling and population distributions

viii
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Figure 3 shows the distribution of motor sizes in the final sampleeach figure, the-axisshows the
range of motor sizes eligible for the study sample (0 to 200 horsepower) andakis yndicates the
percentage of motors in the sample for each motor size.

Figure3. Distribution of Motor Sizes (motor hp) by Equipment Vpe

13% 14%

11% g9 10%
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Supply Fans 5%

3% 3%
2% 2% 2%
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Motor Size (hp)

To be consistent with the typical guidelines for prescriptive VSD incentives in thi2 y i JdrEing)
we included all VSDs on motors up to 200 horsepower in the study population. We excluded units from
the sample based on motor size only if the motor was larger than 200 hp. Othethisagxclusion of
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large motors this motor sizedistribution represents the overall populatioaf prescriptive VSD
installations for each equipment type

Figure4 shows the distribution of building types in the final samplaebars in the table indicate the
relative distribution of each building type compared to the others.

Figured4. Distribution of Building Types in Final Sample

Building Types Percent of Sample

Office 35%
Restaurant 0%
College/University (non-Residential) 20%
Industrial/Manufacturing 5%
Retalil 2%
Hospital 8%
K-12 11%
Warehouse 1%
Grocery 0%
Multifamily/Dormitory 9%
Hotel/Motel/Lodging 4%
Other 7%

The evaluation team developed the list 1 building types as part ahe data collection protocols.

During the site visits, the evaluation team verified or determined the building type for each sampled site
and assigned each site to one of th2listed building typesWe did not exclude any projects based on
building type,so we believe this distribution is representative the overall population distribution.

Although we expect building type to be an influential parameter in VSD performareceoud not

stratify the sample by building typdue to limitations in the projecscope and auxiliary datén

addition, the diversity operating schedules and strategies across the sample suggests that building type
is not a reliable indicator of VSD performance.

0.3.2 Observed Variation in VSD Operation

Throughout the data collection and dgais activities, the evaluation team observed significant variation
in the operaing patterns of sampled unitdzigure5 shows an example of the differences in opéngt
schedules (e.g., continuous operation vs. scheduled operation) and in operating powgcdasgant vs.
variable power).
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Figure5. Examples of Observed Variation in VSD Operation
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In addition to differences in equipment schedules and power settings, factorsasrbtor
configurationand seasonalityncreased the variation in our models of VSD demand and savings. We
used allof these factors to develop annual estimates of energy and demand savings at tHewahit

0.3.3 Estimates of Baseline Operation

Because this study focused on passtallation operation of equipment with VSDs, we relied on facility
staff to describe pre-retrofit operation for all sampledWe used this survey information to develop an
initial distribution of baseline categorigthen re-assigned any VSD or unknown baseline categories to
develop the adjusted distribution for the savings analy$Seble5 shows theinitial and adjusted
distributions of baseline categories for each equipment type.

Table5. Reported Baseline (PrRetrofit) Category

| BaseheCategory | SF | RF | cwp | HwP | wHP | Al |

Initial Distribution

Constant volume(CV) 31% 42% 35% 25% 40% 33%
Variable volumgVV) 1% 6% 0% 0% 0% 2%
Variable speed drive 1% 2% 0% 0% 0% 1%
Unknown* 66% 50% 65% 75% 60% 65%
Adjusted Distribution***

Constant volume 97% 92% 100% 100% 100% 98%
Variable volume 3% 8% 0% 0% 0% 2%

* Based on discussions with the NEEP Technical Committee, we reassigned VSD baselines to either CV or
VSDs are not an eligible baselfoeany Sponsor programs, the team ekedto remove this baseline category
from the final analysis.

** The hgh percentage of units with unknown baselinebkislydue to the elapsed time (minimum of one year)
since the site installed the VSDs.

*** \We assigned all equipment with VSD or unknown basedlipgandomly assigning the unitto a CV or VV
baselinebasegdy (G KS LINRPolofte 2F (Kz2a$sS olaStiaysSa 2 00dzNN

Xi
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The initial distribution shows that facility staff could not define the baseline systeralfeost two
thirds of the studied units. This inability to report on the baseline conditions was prevalettefor
majority of sampled units across all equipment typ€&his is not surprising for a data collection effort
conducted a minimum of one year aftéhe customer installed the VSD equipment.

Among thosestaff memberswho could recalthe baseline system type and operatiothe majority
indicated that the equipment operated at constant speed and power before the customer installed the
rebated VSDsAmong these, ame staffindicated that although variable volume equipment existed, the
site was installing VSDs becalube existing variable volume equipment was not in working condition.
We classified these cases in the constant volume category.

To estimae the adjusted distributions, the evaluation team-assigned the baseline categoyrfunits

with an unknown or VSD baseline in the initial distributiossed on the observed distribution of CV and

VV baselines among the known baseline categories wéhith equipment groupin other words, we

randomly assigne® I OK ddzy{y26y¢é 2NJ a+{5¢ ol aStAyVerN2Y (KS
baseline categorysing the probability of CV or VV from thwtial baselines.

The final distribution demonsaites our estimate that almost all systems operated as constant volume
prior to the VSD retrofitAlthough contrary to many TRM approaches that assume a higher fraction of
variable volume baselines, we confirmed through multiple discussions with the NERRCE

Committee and building commissioning engineers that this high percentage of systems operating at
constant volume is consistent with field observations across existing buildings and with the pre
installation findings from the MA VSD Pre/Post stutlige following points support this finding:

1 The CV baselineategoryincludes systems that were designed as VV but operate as CV, because
of improperly operating controls, broken equipment, etc.

1 The programpopulation of buildings does not include thell C&I building stock. Rathethe
populationincludes only thosexisting buildings that participated iy S 2 F (1 K\SD{ L2 y & 2 NJ
retrofit programs. Existing buildings with working variable volume systems are less likely to
participate in the programsirsce there is no need to replace the working VV equipment.

9 Higibility requirementsfor several Sponsor VSD programs do not allow rebfateexisting VV
systems in working condition. This filter likely further reduces the number VV baselines among
the paticipant population.

1 Our commissioning engineers agree that based on their experience in existing buildings, it is
becoming less and less common to see4%8D VV systems in working condition. Frequently,
they will find evidence that these VV systems &@art of the original design, but noted that
they are often not working. For example, we see guide vanes that are locked in place so they
effectively operate as constant volume systems.

9 For pumping systems, pumps without VSD controls are typically aaingblume by design.

There are systems that use variable volume distribution in the building (e.gwiayovalves at
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the coils), but they are typically configured using bypass valves at the plant so the primary loop
pump would still operate at full, corsht volume.

1 Although the sample was small, the pretrofit metering results from the Massachusetts
Pre/Post VSD studgre consistent with these assumptions. For that study, the field team
observed and metered the equipmemtrior to whenthe VSD was insiad. They identified a
couple systems that were designed as VV, but the meter data showed constant power on those
fans.

0.3.4 Key Assumptions

Based on our findings in both the primary and secondary data and the need to develop a standard
approach to estimate avings in this study, we developed several key assumptions to guide our savings
analysisin collaboration withh 9 9t Q& 9 ag+ ¢ S Q wWeappbdd the follawing ke (G S S
assumptions in this study:

1 PreRetrofit Operating PowerDue to the postinstallation focus of the study, the evaluation
team could not measure preetrofit operating power. We modeled preetrofit power based on
a combination of the unitated horsepower, metered poshstallation poweron-site survey
data alout the preretrofit condition, and results of the Massachusetts Pre/Pd&ttering Sudy.

1 PreRetrofit Schedule Due to the posinstallation focus of the study, the evaluation team could
not monitor the preretrofit operating schedule. We assumed the pegrofit operating
schedule was the same as the pastrofit operating schedule.

1 Units with Baseline VSIA small number of interviewed esite staff indicated that the new

+{5a8 NBLII OSR SEA&lGAY3I +{5a8d {AyOS NBLX I OSYSyi

programs and an attribution studyould likely capture these occurrences, we assigned a new
baseline category for these units based on the observed proportion of baseline categories for
the remaining units.

1 Non-Operating Units Our metering and ossite data collection indicaté 52 of 392 (<14%)nits
that have low operating hours due to rotatinteadlag, or backup control strategies. We
retained these units in the study sample to represent these occurrences as we observed them in
the study population

0.3.5 Savings Metrics

The teamused the unitlevel savings results to estimasaeragesavings meics for the population of
LINSAONRLIGAGS +{5 LINRB2SOGa heffigientytplogsafsBaskd\iB kied K (1 K S
observations and findings during the data collection and analysis taskmmoseceda single set of

savings results for each equignt typeto reflect the average savings across all northeast weather

regions. The northeast average results account for the diversity of motor sizes, buildirsy HxH&C

loads, and control strategies observed in the study sample.

The following tables decribe the estimated savings for each equipment tyjpeaddition to the per
horsepower savings values, the tables show the relative precision for each result at both 90% and 80%
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confidence levels. Although the study aimed to achieve 10% relative preeis@dP6 confidence for the
key savings metrics, the variability of performance among sampled units resulted in higher relative
precision values.

Table6 shows the esiated annual energy savings per horsepower for units acrosslEERegion.
We present the annual energy savings in units of kWh per hp.

Table6. Annual Energy Savings per Uklbrsepower

Equipment Type kWh/hp RP @ 90%| RP @ 80%

Supply Fans 2,033 23.5% 18.3%
Return Fans 1,788 13.8% 10.8%
Cooling Water Pumps 1,633 17.7% 13.8%
Hot Water Pumps 1,548 18.4% 14.3%
WSHP Circulation Pumps 2,562 12.8% 10.0%

* Results apply for all units across tRertheastMid-Atlanticstates

Table7 shows the estimated demand reduction value for the I8 summelnd winteron-peak
periods.® We present these summer demand savings in units of KW per hp.

Table7. ISONE Summeand Winter On-Peak Demand Savings per Unit Horsepower

Equibment Tvpe ISONE Summer Oiireak ISCNE Winter OaPeak
L o KWhp | RP @ 90% RP @ 80% KkW/hp | RP @ 90% RP @ 809

Supply Fans 0.288 18.8% 14.6% 0.265 21.5% 16.7%
Return Fans 0.302 11.9% 9.3% 0.274 15.3% 11.9%
Cooling Water Pumps 0.183 16.7% 13.0% 0.194 18.2% 14.1%
Hot Water Pumps 0.096 34.1% 26.5% 0.221 20.7% 16.1%
WSHP Circulation Pumg 0.229 22.0% 17.1% 0.297 12.4% 9.7%

* Results apply for all units across tNertheastand Mid-Atlantic states

Table8 shows the estimated demand reduction value for the PJM summer peak pevigelpresent
these summer demand savings in units of kW per hp.

6 The ISONE onpeak summer demand reduction is the expected averageahd reduction between the hours 1

p.m. and 5 p.m. on ncholiday weekdays in June, July, and August. Th&lESGnrpeak winter demand reduction

is defined as the average demand reduction between the hours of 5 p.m. and 7 p.m. drolway weekdays in
December and January.

”The PJM summer peak demand is the expected average demand reduction during the hours 2 p.m. and 6 p.m. on
non-holiday weekdays in June, July, and August.

Xiv



CADMUS

Table8. PIJM Summer Peak Demd Savings per Unit Horsepower

Equipment Type kW/hp RP @ 90%| RP @ 80%

Supply Fans 0.286 19.0% 14.8%
Return Fans 0.297 12.4% 9.7%
Cooling Water Pumps 0.185 16.7% 13.0%
Hot Water Pumps 0.096 34.3% 26.7%
WSHP Circulation Pumps 0.234 20.6% 16.0%

* Results apply for all units across tNertheast and MidAtlanticstates.

The teamcompared the study results with the estimated savings assumptions from the Massachusetts,
Mid-Atlantic, and New York Technical Reference Manaatsto the results of the Massachusetts
Pre/Post VSD studfror each parameter, the savings results generally fall within the expected range of
savings.

0.3.6 Key Findingshat Explain the Results
We uncovered multiplémportant findings that guided our analysis approach and dictated our
recommendation for a single set sévingsresults averaged across tiNEEP regian

Variable speed drive§requently operate at constant speed.

Our onsite observations andnetering data showed that customers operatect least one thirdof VSDB
controlled motors at a constant speed (typically less thahspeed during the nine- to 12-month data
collection period Similarly, he Massachusett$re/PostVSDStudy found thattustomers operatednore
than two-thirds of the metered VSDs at constant speé¢hen we discussed this operating strategy
during our onsite interviews? some facility operators indicated thatey intended thisconstant speed
operation while others indicated that tlyehad notfully commissioned th&/SD equipmentAlthough we
expect VSDs teary the motor speed depending on load conditiptiee observedconstant speed
operation may result in higheenergysavings during peak demand periocismpared towhen standard
savingsassunptions that VSBcontrolled motors operate at or close to full speddring peak
conditions

Operators may select constant speed operation over variable speed operation.

Although we expect operators to use new variable speed drives to vary the operating speed of the
motor, we found that it is not uncommon for operators to choose to operate the motor at a constant
speed setting. Through discussions with facility staff img study and our building commissioning
engineers, we identified several reasons an operator may choose to use a VSD to operate a motor at
constant speed:

8 We asked these questions during removals at the end of our data collection period to minimize any influence on
GKS FILrOAfAGEQa GRLIAOIE 2LISNIGAZ2Y D
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9 Operators may use a VSD to dial in on a reduced constant flow requirements. Reduced constant
flow could also be achieved by using a valve or damper to throttle the flow or for certain
pumping applications modifications could be made to the pump impellers. Compared to the
throttling option, the VSD substantially reduces power requirements, energy consum@and
energy costs.Compared to the impeller modification option, the VSD allows the operator to
keep the existing equipment in place and retains the flexibility of increasing speed (and capacity)
if needed in the future.

9 Operators may forgo the coef implementing the controls for variable speed operation and
instead settle on a reduced constant speed that is acceptable. Implementing controls may
require installing new flow or pressure sensors, connecting those sensors and the VSD to a
central EMSprogramming controls sequences, and commissioning the system to ensure that
the controls work correctly.Due to the cost and time requirements, operators may prefer to
operate the equipment at a constant speed that meets the generally meets flow
requirements. This constant speed may be higher than the necessary for periods of low load,
but still reduces energy consumption and costs compared to constant speed. The installation of
the VSD allows them to take advantage of further operational modificatiothe i€ontrols are
updated in the future.

Variable speed drive performance often does not track outside temperature.

In addition to a large percentage of VSDs that operated at a constant speed setting (disabesed
our unit-level data analysislemonstated that the operating power fomore than half of theunits did
not correlate with ambienttemperature. Unlike larger equipment that operates to meetole-building
HVAC loadsnternal variables such as occupancy or occupant activity may be morenitidluto VSD
performancethan external variables such as ambient temperature

The savings estimates for each weather region are similar and similarly diverse

In our aggregation analysis, we calculated average savings for each weatherardicompared
savings estimates betweargionsas well ago the averageacross altegions combinedNEEP region)
The comparison showed that the confidence intervéds the regiors overlapin most casessuggesting
that the average results are not very differeftbom region to region The confidencénterval for the
combined NEEP region covered a range that lies within the other regional intervals but provided a
narrower margin of error around the meafRurther, we found that the variation in operation was
similar from region to region, which provided another indication that regional differences were small.
Due tothesefindings, we present average savings across all six weather regions.

Most pre-retrofit equipment operates at constant power.

¢ KS S@I t dzZlonsite@syirvey &bl s6dadary data review indicated that a majority ofgimfit
equipment operated at constant power. As indicatedlable5, we modeled 98% of the pnetrofit

systems at constant power (after removing several occurrences of VSD baselines from the sample).
Although standard VSD assumptions often model other variable flow systems as the baseline for VSD
retrofit project, our esearch suggests that even when these variable flow systems exist they are not in
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working condition. Our research is supported by Massachusett$re/PostVSD Studywhich
demonstrated constant power operation for 100% of the -pegrofit systems.

0.3.7 Application of Results
Implementers in the Northeasind MidAtlantic statesmay usethese resultso estimate the savings for
VSDinstallations that meet the following characteristics:

1 The VSD istrofitted on HVAC equipment in an existing nonresidentiailding and does not
replace an existing, working VSD

TheVSDcontrols a motor no larger than 200 horsepower

The VSD controls a motor driving one of thesgiipment types: (1) supply fans, (2) return fans,
(3) chilled water plant distribution pumps4)(hot water distribution pumps, and (5) water
source heat pump distribution pumps

1 The controlled equipmenserves an HVAC load.

When using these results, thmplementer should calculate th&lesiredsavings parameter by
multiplying the rated horsepowerfdhe motoror total horsepower of the population of mototsy the
appropriate savings factdrom the tables aboveFor example, to estimate the annual energy savings
for a VSD retrofit project on a 8@ supply fan, themplementer should multiply 50 (tb rated
horsepower of the existing motor) by the appropriate savings factor fi@ile6. Similarly, the Sponsor
may estimate the ISOE orpeak demad reduction by multiplying 50 (the rated horsepower) by the
appropriate demand savings factor frohable?.

Dissimilar to many TRM savings approaches that provide savings factors by building type or that use
engineering algorithms to estimate savings using preggecificinput parameters the results of this

study areaveragedsavingsthat account for the vadd performance of VSD installations across building
typesand weather regiongn the Northeastand midAtlantic states This study does not deny the
influence of building operating hosior ambient temperature on VSD performance; however, the
diversity ofequipment performance demonstrated in this study indicates that these two variables are
not reliable predictors for VSD performance. As discussed in this report, many other factors such as
equipment operating schedules, motor configuration, and VSD cbatrategy also influence VSD
performance and savings estimates.

These study results are based on direct and {targh measurements ofiearly 400 VSD installations and
account for the diversity of motor sizes, building types, HVAC loads, and operatitegss, and

seasonal differences across the northeast. The results also account for recent, measured findings about
pre-retrofit performance.

0.4 Recommendations

The evaluation teanoffersthe followingrecommendations for implementers and evaluators of VSD
projects to improve the energy savings of VSD installations and effectiveness of VSD programs.
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Recommendations for Implementers
I Continue to promote the installation of VSD on existing equipment.

A

VSD retrofit projects are achieving significant energy @emand savings across the
Northeast and MidAtlantic regions.

1 To ensure VSDs operate as intended to achieve energy and demand savings, Program
Administrators should integrate VSD control and commissioning requirements into program
implementation activiies. Application forms should require specification of the intended control
strategy, and postinstallation inspection should include verification of commissioned VSD
control sequences.

A

We observed during the site visits and in our reviews of the metelsd that many

customers operate theiW/SI3 at constant speed. In some cases, customers intend to
operate VSDs at constant speed, but for many customers this corspeeid operation is

due to incomplete project commissionintn addition, ve found that darger percentage of
VSDs operated at constant powiaerthe Massachusettre/PostVSD Studyconducted
immediately before and after VSD installation) compared to the NEEP study (conducted at
least one year after installation)We assume thathe lowerpercentage of constarspeed

units observed in this studig due to thelonger period otlapsed timeafter the VSD
installation which allowedmore customers tacomplete commissioning

1 As VSDs saturate the existing building stock, the Program Administrabould take more care
in screening project eligibility.

A

For several sampled projects, the rebated VSD units replaced existing VSD units at the end
of their useful livesAlthough we did not include those baseline occurrences in this study,
these obsevations are evidence of projedeceiving program incentives despite

ineligibility.

9 To support future evaluation efforts, the Program Administrators should addgdrefit data
collection requirements to program application forms. At minimum, the §#msild require
customes to specify the baseline system type and working condition of that system and
operating schedule for the baseline equipment.

A

Information about baseline operation is limited in Sponsor tracking data and difficult to
collect after cstomers complete VSD projectSince baseline operation is a critical
component for estimating energy and peak demand savingsjntgsrtant for the programs
to record the working condition dfaseline systemas well as the existing operating
strategyand schedule

Recommendations for Evaluators
1 The timing of the posinstallation inspection and metering is important. Our findings suggest
the customers may take a year or longestalling the VSD to set up the controls and fully
commission the systenPerforming evaluation activities within a year of installation will provide
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accurate firstyear results but maynot accurately reflect VSD performance in the following
years.

T When metering VSD power for energy analyses, the evaluator should examirenakas
operation defined for each facility. Seasons may be associated with changes in equipment
purpose (e.g., heating or cooling), occupancy patterns (e.g., academic year vs. vacation periods),
or other parameter such as control strategy (e.g., constanwvasiable speed).

A Customers use HVAC motors differently throughout the year. This is especially true for
equipment in seasonal facilities and for equipment that serve both heating and cooling
loads.
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1 Introduction

This studys the third in a series of savings Isadpe studiesocused on efficient technologies

implemented throughthe energyS F FA OA Sy 0@ LINPIANFI YA 2F b9o99t Qa {LRyaz
the annual, peak, antourly electric demand savings achieveglvariable speed drives (VSDs) installed

on existing heating, ventilation, arar conditioning(HVAC) equipment in commercial buildings

throughout theNortheastand Mid-Atlantic states, including Maryland, Maine,ddsachusetts,

Connecticut, Vermont, New Hampshire, and Rhode Island, and New York.

1.1 NEEP EM&V Forum

The Northeast Energy Efficiency Partnerships (NEEP)onprofit organization established to promote
energyefficiency throughout the Northeast and Miétlantic’® NEEP created thEvaluation,

Measurement, and Verification (EM&V) Fordmy” Hta supportdthe development and use of

consistent protocols to evaluate, measure, verify, and report the savings, costs, and emission impacts of
energy efficiency andther demandside resources

In particular, the EM&V Forum facilitates joint research and evaluation by pooling funds from multiple
Sponsors to conduct larggcale research studiesuch athe loadshape serie¥. These studies provide
robust estimates oftie energy and demand savings achieved by demand side resourcé®iieast.

Table9 shows Sponsors of the EM&V Forum and indicates the states included in thisadSBajme
project.

Table9. EM&V Forum Sponsomnd VSD Study Participants

Study
Stat S "
PORSO! Participant

Connecticut CT Energy Efficiency Fund E

District of Columbia District Dept. of the Environment

Maine(2012) EfficiencyMaine Trust E
Maryland Energy Administration

Maryland EmROWERMaryland Utilities (PHPepcq DelmarvaSMECCQOFirst E

EnergyBaltimore Gas & Elect)ic
Cape Light Compact
National Grid
Massachusetts NSTAR E
Unitil
Western Massachusetts Electric Company

9

www.neep.org
1°The NEEP EM&forum has completed two loadshape studies to date: The Commercial Lighting Loadshape Study
(completed in 2011) and the Unitary AC Loadshape Study (completed in 2012).
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Study

NH Electric Gop

New Hampshire Public Service New Hampshire E
Unitil
Long Island Power Authority

New York New York Power Authority E
New York State Energy Research and Development Authority

Rhode Island National Grid E

Vermont Department of PubliService E

* Participants are Program Administrators that provided data for the study population of VSD installations.

1.2 ProjectObjectives and Scope

Theobjective of the NEEP VSD Ldag®e study is to develop estimates of thanual, peak, and hourly
demand savingef achievedvariable speed drive (VSDistallations on existing HVAC equipment in
commercial buildingsin the early stages of this project, the Subcommittee agreed to focus on the five
equipment type categories that make up the majorityarinual energy savings from VSD installations
FONRP&da (GKS {LRYyaz2NBRQ LINRINFYAY

Supply fans
Return fans
Cooling water pumps

Heating hot water pumps

=A =4 =4 =4 =

Water source heat pump circulation pumps.

The study uses both primary datalirect power metering and dataodlection for a sample of VSD
installations across th¢ LJ2 Y p@ddddin® and secondary data to establish the hourly savings
loadshapedor each of thae selected equipment type categories.

1.3 Definitions

InTablel0, we providedefinitions for terms critical to understanding the sampling, data collection,
and/or analysis methods we used for this study.

Table10. Definition of Terms
Variable Speed | Variable speed drivecontrol the operating speed of connected motors based on
Drive (VSD) programmed control strategies.
Heating, Ventilation, and Air Conditioning; in this study, we focus on VSDs installed on «

HVAC equipment that serve HVAC loads in existiogresidentiabuildings.
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Term

Loadshape

Equipment Type

Project

Unit

Sample Phase

Sample Stage

TargetSample

StudySample

Operating Power

Primary/Lead
Units

Lag Units

Rotating Units

Definition
A loadshape describes the hourly electricity demand for all 8,760 hours in .a lyeduis
study, we calculate demand loadshapes to model the hourly electric demand of HVAC
equipment with or without VSDs. Similarly, we calculate savings loadshapes to model t
expectd hourly demand reductioachieved by VSEontrolled equipment comared to the
pre-retrofit or baseline condition.
Equipment typeefers to thecategories oEommerciaHVAC equipmentn this study, we
focus on these five equipment type: supply fans, return fans, cooling water pumps, heat
hot water pumps, and water source heat pump distribution pumps.
Project refers tan activityO2 YL SGSR o6& | LI NIGAOALI Yy
GN¥ O1TSR Ay G(G(KS {LRyaz2Nna RIGFIolFaSs Ay |
the study sample had at least one VSD installation on one ditkelefined equipment
types.
A unit refers to a unique VSD installation as part of a VSD project. All units in the study
sampk involved power metering fo¥ SBcontrolled equipment from one of thiéve selected
equipment types.
We performed multiple phases of sampling in order to improve the distribution of equipn
types in the study sample. Each sampling phase has a different conditicr set £ligible
population in order to target specific equipment types.
We performed two stages of sampling within each sample phase. The first stage involv
sampling projects based on project size and weather region. The second stalgeihvo
sampling theunitswithin a sampled project for power metering.
The target sample describes the ideal sample of projects and units developed in the sar
strategy and used to guide the sample draw.
The study sample is trellectionof projects and units included in ttanalysisDifferences
between the target and study samples may be due to (1) small populations of projects il
some strata and weather regions, (2) inability to control for equipmgpetin the sample
draw, and (3) differences between expected and actual units for given project.
We use the term operating power to describe the measured or estimated power deman
from the motor during periods of operation. For exampheour analysis of metered
operating power, we examine the measured power only during periods when the motor
operating.
Primary units operate as the primary, or lead, equipment to serve the designated load.
there is a call for éating, cooling, or ventilation, the primary unit will respond to meet the
load requirements.
Lag units assist primary, or lead, equipment when the lead equipment reaches its maxir
capacity or a maximum setting. In these scenarios, the lag units will respond to serve lo
load beyond what is served by the lead unit. Because the primary eguipusually serves
the full HVAC load, lag units typically only operate when the loads are unusually high.
Rotating units operate in a team of similar units to serve the same load. Facility operato
rotate units to lengthen the lifetimefeequipment and to provide redundancy in case of
failure. Since rotating units take turns serving the designated load, each unit operates f
2yte I FNFXOGA2Yy 2F GKS GSIFYQa 2@0SNIff ¢
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Backup units rarely operate and are in place tmpide redundancy for primary or rotating
Backup Units units. Backup units typically operate only when the other equipment malfunctionis

turned off for regular maintenance activities.

We defined the following six weather regions for this studitY = Downstate New York; M,
Weather Regions | = Mid-Atlantic; NEE = New England East; NEN = New England North; NES = New Engl¢

South; UNY = Upstate New York
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Prahl from the Massachusetts EEAC; Allison Reilly from NESCAUM; Jenniferfrohidd¥Associates
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2 Methods

The evaluation teanconducted this VSD loadshape study in the five key tasks descritb@guie 6. This
progression of tasks is similar tiwe previous loadshape studies and other EM&V reseattwever,

the specific methods within eaclskare uniqudy complex due to limitations in therogram tracking

data, elapsed time since the project completion, and variation in the operation of VSDs throughout the
study sample In this section and referenced Appendices, we describe the methods for each analysis
task includingour observations andey assumptions.

Figure6. Key Tasks for Loadshape Analysis

2.1. Sample Design

2.1 Sample Design

For this study, the evaluation team developed a unique sampling strategy to account for varying levels
of available tracking data from the Sponsors, limited information about the equipment types in the
population of projects, and expected variation betweeeather regions and Sponsors.

Ly GKA& FANBRG GFalz 6S NBGASHSR (KS {LRyaz2zNrQ (N¥O
the sample¢ KA a &a0dN} GS3& A& R2 OdzySyoadsHapehojectcProfosed S Y 2 NI ¥y R dzY
Sampling Strategy)pdated élated August 2, 2012.

2.1.1 Analysis of Sponsor Tracking Data

After the project kickoff meeting the evaluation teansubmitted a data request to the NEEP EM&V
Technical Committee arstudy Sponsors. Weeceived patrticipation records froh2 Soonsors These
data included 3,845 lines accounting for 2,109 unique projects completed between 2009 and 2012.

Based on our review of these data afudlow-up discussions with specific Sponsors,degeloped a set
of criteria to further define the dataset. Wexcluded # projects that met any of the following criteria

1 The project was completed in or before 2009.

1 The project was not yet completed.




1 Thecustomer installed thé/SD on equipment serving process loadsmchiller compressors
1 The project was new consittion or major renovation.
1 The project was part of a NYSERDA custom program.
These criteria reduced the qualified sampling populatior2,ft98 unigue data lines, representing 1,582

unique projectslt is important to note that this qualified populationay include some unqualified
projects since we could not remove projects for which we did not have complete tracking data.

Tablell summarizes the tracking data prioed by each Sponsor, including whether each dgpe was
available in the Sponsor tracking data. The last column indicates the data types available across all
Sponsor data.

Tablel1l Tracking Data Characteristics by Sponsor

IS
o | T -
DataType § % © S| 35 S
.E L .EJ § EE o -LI% % G LT L
2lz|e|lg|h|2| 5|28 2|83
Ww|laoa|w|z|lZ2Z]l]o|l Ol Zz| J|a|il| o
Project Energy Savings E E E E E E E E E E E E E
ProjectDemandSavings E E E E E E E E E E E | E | E
Measure Level Energy . , : . . . . . . .
Savings E E E E E E E E E E
Project Type (NeviRetrofit) E E E E E E E E
Prescriptive Projects E E E E E E E E E E E E E
Custom Projects E E E E E E ’
Equipment Type E ; E ' E E E E
Base Case Control Type E
Building Type E E E E ° E E
2010 Projects E E E E E E E E E
2011 Projects E E E E E | E E E E E E |E E
2012 Projects E E E E E E E E

E Indicatesthat the Sponsor provided imirmation on almost all projects.
A Y RA Ol (Bfoasoripriidd infarmkagon on some projects.
A blank cell indicates that these data were not available.

The last columrnn Tablellindicates that only four data types were consistgravailable in all

{LRYyaz2NEQ GNFXO1Ay3a RFEGFY LINRB2SO0O SySNHe al @gAay3iaasz L
projects. Therdore, when comparing dataotdetermine the relative impact of any eigment type,

building type, or Sonsor,we limited our review toonly data from 2011 projects.
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The following tables summarize 2011 installations by state, sponsor, equipment type, &tddoui
type.

Table12 2011 Records by State
2011 Annual Energy| Percent of 2011 Annua

State ‘ 2011 Data Lins Savings (kWh) Energy Savings
"NewYork 53 52094873  5870%
Massachusetts 269 16,863,715 19.00%
Maryland 152 10,875,541 12.25%
Connecticut 65 3,344,469 3.77%
Rhode Island 36 2,301,688 2.59%
Maine 107 1,566,232 1.76%
New Hampshire 18 973,232 1.10%
Vermont 39 731,616 0.82%
Total 1,220 88,751,364 100.00%

Table13. 2011 Records by Sponsor

2011 Data Ling 2011 Annual Energy|] Percent of 2011 Annua

Savings (kWh) Energy Savings
Consolidated Edison 126 29,675,457  33.44%
NYSERDA 370 21,214,476 23.90%
Northeast Utilities ISTAR 161 10,128,360 11.41%
National Grid 146 9,454,766 10.65%
BG&E 120 6,742,301 7.60%
CL&P 65 3,344,469 3.77%
Pepco 21 3,093,340 3.49%
Efficiency Maine 107 1,566,232 1.76%
LIPA 38 1,204,939 1.36%
FirstEnergy 11 1,039,900 1.17%
Efficiency Vermont 39 731,616 0.82%
PSNH 16 555,508 0.63%
Total 1,220 88,751,364 100.00%
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Table14. 2011 Records by Equipment Type

Equibment Tvoe 2011 Data 2011 Annual Energy PercEe:érof 2;);\]/.i:nsnual
auip P Savings (kwh) gy Saving

Lines

UNKNOWN 444 24,695,866/ 27.83% NA
Cooling WatePump* 148 16,711,456| 18.83% 26.09%
Supply Air Fan 207 14,400,588 16.23% 22.48%
Fans, All Typés 40 11,496,292| 12.95% 17.95%
Water Source Heat Pump 38 3,848,103  4.34% 6.01%
Circulation Pump

Hot Water Pump 89 3,674,750, 4.14% 5.74%
Boiler FeedwatePump 37 2,888,901 3.26% 4.51%
Cooling Tower Fan 64 2,520,766 2.84% 3.94%
Pump, All Types 10 2,443,487  2.75% 3.81%
Building Exhaust Fan 50 2,436,508 2.75% 3.80%
Return Air Fan 71 1,996,261 2.25% 3.12%
Make-Up Air Fan 20 1,559,276, 1.76% 2.43%
Boiler Draft Fan 2 79,111 0.09% 0.12%

* We assigned the unknown classification in cases for which the equipment type was not available.

** Cooling Water Pumps includes Chilled Water Pumps and Condenser Water Pumps. Some sponsors sef
these twotechnologies while others do not.

FFF 2SS dzaSR GKS aclyas 't ¢eLIJSaé¢ 2N at dzyLiasz ! €
corresponded to a fan or pump installation, but did not know the specific type, or (2) multiple fans dpleult
pumps of different types were within one record.

Table15. 2011 Records by Building Type

Percent of 2011

2011 Data 2011 Annual Energy Annual Energy

Building Typé&

Lines Savings (kWh) Savings
Office 238 37,051,892 41.75%
Manufacturing 161 11,160,532 12.58%
College 151 6,760,255 7.62%
Other 92 5,303,072 5.98%
Hospital 96 5,280,259 5.95%
UNKNOWN 90 4,276,818 4.82%
Education 125 3,907,962 4.40%
Hotel 38 3,652,553 4.12%
Retail 43 2,834,414 3.19%
Multifamily 35 2,204,420 2.48%
Health 43 2,062,459 2.32%
Water Supply or Treatment 14 1,080,205 1.22%
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Percent of 2011

2011 Data 2011 Annual Energy Annual Energy

Building Typé&

Lines Savings (kWh) Savings
Government 28 939,441 1.06%
Amusement 10 560,935 0.63%
Warehouse 10 457,530 0.52%
Institutional 1 223,832 0.25%
Assembly 14 223,213 0.25%
Commercial 8 147,813 0.17%
Mixed 8 137,325 0.15%
Laboratory 1 122,100 0.14%
Religious 1 96,954 0.11%
Restaurant 4 81,766 0.09%
Business 3 67,200 0.08%
Museum 2 51,480 0.06%
Automotive 2 24,520 0.03%
Misc. 1 23,296 0.03%
Grocery 1 19,121 0.02%

* The teanclassified building types basedly on the text records in the Sponsor tracking data; we did not
referenceSIC or NAICS codes for this stage of the project.

** |t is unknown at this time if the \DFinstallations within each building typee serving HVA&uipment or
manufacturing equipment. If one of these projects is sampled and the installation is determined to be servin
manufacturing equipment, the sample point will be replaced.

The evaluation teanrmade the following conclusions based ihis review ofii KS { LI2 y &2 NE Q
projects:

1 Random sampling wad result in bias toward thep®nsors that povided more years of data
Furthermore, given that 88% of the stated savings occur within five service territties,
evaluation teammust takeadditional steps to ensure that afponsors are represented in the
study and that theresultsare applicable to the pgrams offered by eacBonsor.

A Ourframeworkusedboth weather region and size category as stratification variables to
reduce this bias and ensure representation.

1 There are many projectand a substantial percentage of savirigs which the equipment type
served is unknowrgi.e., unavailable in the tr&ing data) Sampling must either separate
unknown equipment projects from known equipment projectsomcurat the project level.

A Ourframeworkinvolved an initial stage of projed¢vel sampling followed by a second stage
of unit-level sampling within sapled projects.

2.1.2 Define Sampling Framework
The evaluation teandesigned the sampling strategy achieve the following objectives

HJAMM
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1 Produce anual operation and savings losithpes that are flexible enough to be used by all
project sponsors and accurate emgh to meetrequirements fomprogram reporting.

9 Balance the need for accurate equipmespecific loadshapeswith the desire to produce as
manyloadshapesas possible.

1 Produce accuratadshapesacross multiple equipment types within the agreed projecbze
of 420metered units

Based on these objectives and the resulif our tracking data revievthe evaluation teanestablished
sample targets for the top five equipment types and developed a ratatje multi-phase sampling
approach to meet those taggs. Our framework stated the following:

1. Wewill calculateloadshapedor the following five equipment typesupply fans, return fans,
cooling water pumps, hot water pumps, and water smiheat pump circulation pumps

A These equipment types represent 648685% of known 2011 equipment type savings

RSLISYRAY3I 2y 6KIFG Aa | & HdyrHBR pdyaRAES Oif yI Gif 2dxRFSARO | T

We includedReturn Air Fans over other equipment types with similar impacts because 75%
of the projects known to include r@turn air fanVFD also include supply air fa’/FD. The
inclusion of RAF in the study increases the numbdoadshapesanalyzed without

decreasing the overall efficiency of the study.

A Focusing the study on these fieguipment typesreduces the availble sampling population
from 1,582 projects to 1,409 projects.

2. Wewill use themeter installation targetslescribed inTablel16 for the five selectedequipment
types. We proposed darger number of meter installations feupply fans and cooling water
pumps for the following reasons

A The tracking data suggest that theseo equipment types represent over 50% of the
{ L2 y a 2 NISR energpavings, seve should prigitize the accuracy of theifoadshapes
over the otherloadshapes

A We could subdivide dth equipment typesinto two unique applicationsSupply Fans in

RTUs, Building Supply Fans, Chilled Water Pumps, and Condenser Water Pumps. Increasing

the number of d&a points for these two basic equipment types increases the potential for
accurate load of all four equipment types.

3. Wewill conduct multiple stages of sampling.

A The first stage of sampling will be at the project leWgk will draw his sample from all
projects occurring between 2010 and 2012 in order to maximize the size of the pool of
potential study participants. Projedevel sampling will be stratified by project sizmrfual
kWh savings) and weather region to ensure represergatiwith respect to these variables

10
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A Inthe second stage of samplinge will select specific VSDs for metering withach
sampled project. If a sampled project includes the installation of multiple VFDs, then up to
four VFDs within each project may be meteréithe project has fewer than four drives,
then those drives will all be metered. If it includes multiple ipquent types, then the
number of equipment types metered will be maximized before multiple meters are installed
on any single equipment type. If these rules do not uniquely determine all of the equipment
to be metered at a given site, then VSDs will becteld randomly within the site as needed.
(This random selection will be weighted according to equiprtgpe sampling targetssee
Table 6.) For each VSD selected through randomization, we will record the-gitehin
sampling probability for use in conatiting sample weightgThese weights will be used in
the data analysi$

Tablel6 describesthe sampling targets for each equipment type as develojpedur sample
framework. Due to the limited equipment type information in the tracking data, we noted that our
ability to achieve these targets is dependent on the existence of these equipment types ittty
population

Table16. Meter Installation Targets by Equipment Type

Equipment Type Meter Installation Target

Cooling Water Pump (CWP) 102
Supply Air Fan (SAF) 102
Hot Water Pump (HWP) 72
Water Source Heat Pump Circulation Pump (W 72
Return Air Fan (RAF) 72
Total 420

2.1.3 DevelopSampling Strategy

Figure 7 shows a diagram of our mulsitage, multiphase sampling strategy to achieve the defined
sample targetsThe figure illustrates ar method of performing two samplingtageswithin each of

three samplingphases After the first phase of sampling, we reviewed project documents and recruited
customers to determine our targeted population for the next sampling phases. After the laglisgm
phase, weeviewed project documents and recruited customers to determine our final study sample.

11



Figure7. Diagram of MultiStage, MulttPhaseSample Strategy

Phase 2 Phase 3
Population Population
(subset of Phase 1 (subsetof Phase 2
population) population)

Phase 1
Population
(all projects)

Stage 1. Phase 1 Phase 2 Project Phase 3

Sample Project Sample

ProjectLevel

: Project Sample
Sampling

Proiectreview and recruitment
Proiect review and recruitment

Stage 2.
Unit-Level Phase 1
Sampling Unit Sample

Phase 2 Phase 3
Unit Sample Unit Sample

Sample Stages

The study required twatagesof sampling in order to select units within each equipment type category

which were also distributed across various project sizes, weather regions, and study Sponsors.

I Stage 1The first stage of samplingelectedprojects We sampled projects among the

population ofall projectsthat occuried between 2010 and 2012 in order to maximize the size of

the pool of potential study participantd/Ve stratified the populatiorby project siz& and
weather regiod? to ensure representabn with respect to these variables atite study
Sponsors

1 Stage 2 The second stage of sampling selectmits within each sampled projecEor sampled
projects with four or fewer VSDwe selected all units for the samplEor sampledorojects with
more than four VSDave sampledunits to maximizethe number of equipment types.

SamplePhases
The study required multiplphasesof sampling in order to prevent oversampling the most common
equipment types (supply fans and cooling water pumps). Sincegireguipment types were often

11 \We define the project size as the total annual kWh savings for the projectin Sg@ns» i NI O] A Yy
22 S G§KSNI NBIA2Y RSTFAYAGAZ2Yya YIFIGOK (GK2a$S dzas A
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unknown until samples were collected, sampling in multiple phases allowed us to update the targeted
equipment types in the next phase to ensure coverage of the five equipment types of interest.

1 Phase 1We designed the fitsphaseto select aboutwo-thirds of the expected total project
sample. We sampledprojects randomly within each stratumwithout regard to the equipment
types.

1 Phase 2+ We designed the dditional phases of sampling to improve control of the distribatio
of equipment types in the final unit sample. These additional phases allowed adjust the
sampling populatiorio target equipment typeghat were undersampled in previous phases
and to minimizethe addition ofequipment typesthat we oversampled imprevious phase(s).

Stratification byProject Size (Annual kWh Savings)

The teamdivided the populatiorof projectsinto four project sizecategories such that each category
representedH p:’2 2 F (G KS LI Ll Tablel Zsko@sithedize tibtintarie®, Indibef Bfa @
projects in the population, and total stated annual energy savings for each size category

Table17. Stratification byProject Size (Annual kWh)

Project Size| Minimum Project | Maximum Project| Number of Stated Annual | Percent of
Category Savings (kWh) Savings (kWh) Projects Savings (kWh) | Savings

1 679,638 5,938,500 23 37,018,663 25%
2 253,616 660,311 98 36,325,018 25%
3 100,533 248,270 230 36,725,299 25%
4 0 99,447 1,058 36,594,130 25%
Total NA NA 1,049 146,663,110 100%

Tablel8 shows optimal sample sizes within each size categmsywell ashe expected numbers of
meter installations both in total and on average per projed/e calculatedhe expected numbers of
meter installations per project based on available data.

Table18. Stratification by Project Size (Annual kWh)

Project Size Expected Meter Installations
Sample Target -

Category (per project) (Total)
1 10 3.63 36
2 37 3.46 128
3 42 3.02 128
4 60 2.13 128
Total 149 NA 420

Stratification by Weather Region
The evaluation teanassigned each project in the populatiaa one of the followingsix weather regions

1 Mid-Atlantic (MAT)

13



New England; North (NEN)

New England; East (NEE)

New England; South NES)

New Yorkg Inland (UNY)

New York; Urban/Coastal (DNY)

=A =4 =4 =4 =9

Theseweather regions matchhosedeveloped fob 9 9t Q& H A MM / bohdsHap@koje¢t NB | =1 /
Ee Ay GKS (FroftS AYyRAOIFIGSa GKS ¢SHGKSNI NBIA2yoaou (:

Table19. Sponsors by Weather Region

E

BG&E

CL&P E
Con Eon E
Efficiency Maine

Efficiency Vermont E

First Energy E

LIPA E

National Grid* E (NH) E (MA) E (RI)
NU-NSTAR E

NYSERDA E E
Pepco E

PSNH E

F{AYOS bl prajetgihdudeddudtomesin three states (NH, MA, and RI), we assigned its custome
6SFGKSNI NBIA2ya o0laSR 2y (GKS Odzad2YSNRa adlaSo

N ITh

Sample Size Targets
Table20 shows the distribution of projects across project size categories and weather ragidims
population.

Table20. Project Population Sizes

1 15 3 4 1 0 0 23

2 26 9 33 3 11 16 98
3 33 34 67 8 24 64 230
4 92 90 191 135 128 422 1,058
Total 166 136 295 147 163 502 1,409

We designed the stratified sampling sizes to balance representation by weather region, the available
sampling population, and the number of projects supported annually by each administidble21

14
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shows the targesample sizes irach stratum and théotal number ofexpected meter installations for
eachproject size category

Table21. Target Project Sample Sizes
Projects Meter

Frojeet Size installations
1 7 1 2 0 0 0 10 36
2 10 5 11 2 4 4 36 124
3 7 7 10 3 6 9 42 126
4 6 6 10 14 10 17 63 134
Total 30 19 33 19 20 30 151 422

2.1.4 Sample Execution

Thetarget sample sizedeveloped in thesample strategyepresent a sample design centered around
confidence and precision goals for estimates to be summarized across projects. The final goal, however,
is to produceloadshapeestimates at the unit level and summarize across-level estimates within

each equipment typesThe evaluation teancould not design thesample around this goal due to lack of
information on the distribution of units across the population.

Toobtain sufficient information on each equipment type, we collected the sample using the- multi
phase, multistage procedure discussed above. As stated in the original sampling menexpeaedto
adjustthe target samplesizes as actual sampling progredsn order to meet themeter installation
targetsfor each equipment type. We sampled projects according to the target sample sizes described
above, making refinements to the sampling that occurred after the first phase.

SamplePhase 1

In the first phasewe randomly sampled 107 projeétdrom the study population {able20) based on

the target distribution across projecizeand weather regiorstrata(Table21). We then collected

detailed project informatiorabout the equipment types included within each project from the Sponsors
for the Phase 1 ®ject Sample.

Table22 shows the distribution o$ample sizeschieved in the Phase 1 Project Sample. The total sample
size was 88 projects (comparéal the target of 107) due to high neresponse rates as well as

ineligibility, verified using the detail project information collected during the first phase. Further, several
sample projectsvere dropped during the site visits because the actual equipnigpé using the VSD

did not match the documented equipment type and therefore the project was determined to be

13 We drew an additional 53 baakp projects (50% dhe target sample size) to replace any primary projects that
were not awailable. If a primary project was unavailable, we replaced it with a-bpgbroject, randomly selected
among the available baakp projects in the same stratum as the nrogsponse or dropout project. In the end, 43
(40%) of the 107 primary projects wetmpped and replaced with baeakp projects.

15
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ineligible for the study. For each initially selected project that did not respond or dreppediue to
ineligibility, we attempted to identifya backup project in the same stratum as the no@sponder.
However, we were not able to réace all norresponders or droputs. Among projects selected as
replacements, additional neresponse and dropouts occurréd.

Table22. Project Sample Sizefsr Phasel by Weather RegiotP

Phasel

1 2 1 0 0 0 4 7
2 4 5 1 3 2 7 22
3 7 7 3 3 6 5 31
4 5 7 8 3 5 0 28
Total 18 20 12 9 13 16 88

Table23 shows the distribution of equipment types achieved in the Phase 1 Unit Sample. The
distribution shows that the sample exceeded the meter installation target for supply fans, but did not
meet the meter installation targets for the other four equipment types.

Table23. Unit Sample Size®r Phase 1

1 118 38 65 30 5 256

Total Target 102 72 102 72 72 420
Pct.of Total Target 116% 53% 64% 42% 7% 61%

SamplePhase 2

After examining the equipment types achieved in the Phase 1 sample, we made two adjustments to the
sample strategy for Phase 2:

1 We designed the Phase 2 sample to minimize the inclusion of additional supply fans to the
sample anda target the other four equipment types.

1 We increased the expected total project sample size based on the observed average number of
units per project collected in the Phase 1 sample.

Projects eligible for sampling in Phase 2 met the followeinigria:

1 Wedid not draw the project as either a primary for bagj project in Phase 1.

14t is important to notethe high dropout rates for sampled projects in this study. The evaluation team removed

projects from the sample for a number of reasons including: (1) ineligibility based on documerstetdial

equipment type, (2) requests from the Sponsors to remove a customer from the sample, (3) inability to contact the
customer, or (4) customer declines to participate.

52 S GKSNI NBIA2yada NB RSTFAYSR Ay GKS a5SFAYyAlGAZ2Yyas aSol
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9 For project with equipment type tracking datidne projectincluded at least one @ on one of
the following equipment types: RF, CWP, HWP, \AitP In other wordswe marked any
projectswith VSDs only on supply faas ireligible for Phase 2.

A Projects with unknown equipment types were eligible to be included in the sample,
however, if a sampled project was determined to have no eligible equipment types other
than supply fans dimg the documentation review, recruitment phone call, or site visit, we
replaced the project with a baelp project from the same stratum when possible.

We initially sampled45 projectsduring Phase .2l'able24 shows the distribution of projectachieved in
the Phase 2 Project Sample.

Table24. Project Sampldor Phase 2

PHASE 2

1 0 2 0 0 0 0 2
2 0 11 0 0 1 0 12
3 5 8 1 0 3 2 19
4 0 0 2 0 2 0 4
Total 5 21 3 0 6 2 37

Table25 shows the distribution oéquipment typesincluded in the unit sample resulting from both

Phase 1 and Phase 2. The distribution shows that the total sample exceeded the meter installation
target for supply fans and was close to meeting the target for cooling water pumps. However, sample
sizes for RF, HWP, aw¢HPwere still below 90% of the targeted sample sizes though, so we proceeded
to Phase 3 sampling.

Table25. Unit Samplefor Phase 1 and2 Combined

1 118 38 65 30 5 256

2 17 20 31 15 10 93
142 135 58 96 45 15 349
Target 102 72 102 72 72 420
Percentof Target 132% 81% 94% 63% 21% 83%

* Although Phase 2 made ineligible any projebtt had only supply fans, some projects had supply fans in addition to othe
eligible equipment types. Supply fans added to the unit sample in Phase 2 are units included in these eligible, sampled
projects.

SamplePhase 3

We performed a third phase of sampling to target the three equipment types with the smallest presence
in the population RFs, HWP, and WSHPs. We reduced the Phase 3 populatianetigthat met the
following criteria:

1 We didnot draw the project as either a primary for baog project in Phase 1 or Phase 2.
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1 For projecs with equipment type tracking datahe projectincluded at least one of the
following equipment typs: RF, HWPWHPR That is we marked any projectthat included only
SEorCWR as ireligible for Phase 3.

We sampled40 projects from the Phas@8 population. Table26 shows the distribution of projects
achieved in the Phase 3 Project Sample.

Table26. Project Sampldor Phase 3

PHASE 3

1 0 0 0 0 0 0 0
2 0 1 0 0 0 0 1
3 2 9 0 1 0 1 13
4 1 13 4 9 0 0 27
Total 3 23 4 10 0 1 41

2.1.5 Final Sampldor Data Collection

Table27 shows the distribution o&quipment typesin the unit samples collected during each phase and
resulting overall sample sizes. The distribution shows that the sample sizes exceeded the meter
installation targets for supply fans, cooling water pumps, and hot water pumps and reached 90% of the
meter installation target for return fans.

Table27. Phase 1+2+3 Unit Sample by Equipment Type

1 118 38 65 30 5 256

2 17 20 31 15 10 93
3 2 7 22 38 3 72
Total 137 65 118 83 18 421
Target 102 72 102 72 72 420
Pct.of Target 134% 90% 116% 115% 25% 100%

The final sample includes 166 projects and 421 units across the project size and weather region strata.
Table28 shows the distribution of projects sampled in each stratum. For each of the 166 sampled
projects we installed power meters on up four units (on average, we metered 2.5 units per project).

Table28. Final Sample of Projects by Weather Region and Project Size

1 2 3 0 0

0 4 9
2 4 18 1 2 3 7 35
3 14 24 4 4 9 8 63
4 6 21 14 11 7 0 59
Total 26 66 19 17 19 19 166
Pct.of Total 16% 40% 11% 10% 11% 11% 100%
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Table29 shows the distribution otinits by equipment type andeather region.

Table29 Final Sample of Equipment Type by Weather Region

Supply Fan 9 137
Return Fan 14 20 3 3 10 15 65
Cooling Water Pump 25 54 5 8 4 22 118
Hot Water Pump 3 46 11 12 5 6 83
WSHP Circulation Purr 1 10 4 0 3 0 18
Total 65 152 46 32 57 69 421

Pct.of Total 15% 36% 11% 8% 14% 16% 100%

Table30 shows the distribution of unitdy equipment type category, weather region, and projette
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