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|. Executive Summary

This reportis divided into five sections. The first section describes the background and opportunity for the
Control Optimzation System for Chiller Plant technolaégyeduce space cooling energy consumption at

U.S. General Services Administrati@®@ facilities with centrifugal chiller plants containing multiple water
cooled chillers. The second section disses the new technology, how it may reduce energy consumption

and introduces the demonstration location. The third section provides a detailed description of the
demonstration facility and the configuration of the technology at the demonstration facilitg.third

section also provides a detailed overview of the approach used to assess the performance of the technology
and how the chiller plant was monitored. The fourth section presents the results of the monitoring activity,
documents performance and raking energy savings, and presents the results of adyfele cost analysis.

The fourth section also presents additional opportunities to further improve the performance of the chiller
plant withcontroloptimization based on observations and lessomarned. The final section draws
conclusions from the demonstration results and pr
targeted deployment.

BACKGROUND

In the U.S., space cooling accounts for 7.4% of energy consumption in buildings(@®eéeé ibuildings) (EIA

2003b). However, because space cooling is primarily driven by eleets@higher cost energy souree

space cooling may account for more than 7. 4% of &
chillers providepace cooling in only 2.3% of buildings (by number of buildjbgspecause chillers are

used more frequently in larger facilities, 18% of building floor space is cooled using chillers (32% of office
building floor space) (EIA 2003a). Therefarmore eficient chiller plant offers significant opportunity to

reduce annual energy costs for GSA, as well as reducing annual energy consumption.

OVERVIEW OFHEDEMONSTRATIONECHNOLOGY

Catrol OptimizationSystemfor Chiller Plants technologyaims to optimizeentrifugal chiller plants to
minimize total power requirements. This technology does not require variable frequency drives (VFDs) for
chiller compressor motors, which can be expensil@wever, the control strategy requires the use of VFDs
on all ancillay components such as chilledater primary and secondary pump motors, condeRgeter

pump motors, and cooling tower fan motoisor constantspeed chiller plants with a primaisecondary
configuration, the chiller plant will often be converted from a stant-volume primarnsystem operatiorio

a variablevolume primansystem operationvhencontrol optimizationis implemented.

Theoptimizationtechnologyclainsto optimize pressure and temperatusetpoints for chilled water and
condenser water, while cdrolling pump and fan speeds to maximize the chiller plant efficiency.

Per documentatiorirom the vendor,the control optimizatiorsystems expected t@roducethe following
outcomes:

1. Control the chilledwater system to operate at or neariginal desigintent throughout the entire
system load requirements at all times. Condenseremtdedwater pumpsalong with cooling
towers, will require VFDs for this technology to work successfully.
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2. Manage chillerlift for stable refrigeration performancevattually all tonnagdoads, without the
need to instalVFD®nN the chillers themselve$he technologwill work withchillers that have
VFDsbutit is not necessary for a chiller VFED to be in place.

3. Resetpressure and temperature setpoints on chilled @ondenser wateloopsbased on current
system dynamics to increase chiller plant deliverable tonnage weulecing chilledvater and
condensefwater pumping energythereby optimizing total chiller plakdV per ton.

4. Thetechnology isustomized foeadsite to create avariable water loop flow that reduces
pumping energy for all pumping systems (condensater and chilledwater).

This technology can be applied to chiller plants that sesi@gle building or a campus environmeiihe
technology extads down to individual air handler cooling coils in an attempt to create a wider temperature
difference (Delta T) between temperaturestering the coil and leaving the coil; thiesitively impacsthe
chillerefficiency.Re al i z at i on oftll bénkfit ray réeqeiealvechdngeg at coding coils
(removethree-waycontrol valvesndreplace withtwo-waycontrol valves) and otheand of linesystem

piping changes where bypass may éxiherefore, some engineeringehd of linepiping and catrol valve
changes may be required, depending upon the existing designs. Isolation valves (if not existing) may also be
added to minimize flow througbhillers and cooling towers that are nminning All of these potential
modificationshave a net systm effect of reduced pumping power when coupled to the technology.

Controlsystem optimization is not unigue among control technologies that optimize the entire chiller plant.
Another system, a variablspeed loop control logic, establishes performanceetgmsfor allchiller

system componentandattemptsto determine the most efficienbperationalconfiguration based on load

and ambient conditionsTo take advantage of paftbad chiller efficiencies, compressor motprendenser
pumps, cooling towefians, and secondary pumpH require VFDs.

In 2012, GSAGreen Proving Ground (GPG) program worked with researchers from the Pacific Northwest
National Laboratory (PNNL) to assassllvariablespeed AVS)oop controltechnologyat the Thomas F.
Eagleéon U.S. Courthous@ St Louis, MO. Researchers encountered problems with the study design and
with the technology itself, so findings were not released. Researchers did, however, find that while the
variablespeedoop control logic demonstrated energgvingsthose savings did not justify installed costs.
Variablespeed loop contralechnology requires significant integration, and staff anticipatddrmation
technology(IT) difficulties incorporating the technology into current GSA practiééso, dter the
assessment, but while the loop control logic was still operational, building staff reported frequent chiller
cycling, which stopped only when tieentrollogic was turned off and the chiller was operated through the
building automation system (BA8ecause of concern that frequent cycling would damage the chiller
and/or shorten its life, use of theariable-speedoop control logic was suspendedalsois noteworthy that
the AVS loop system requires an annual service fee of approximate@0$26r remote monitoring and
support.
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STUDYESIGN ANDBJECTIVES

GSA identified th&rank M. Johnson Jr. Federal Building and U.S. Courtlsulke demonstration location
for the chilledwater (CHW system optimizationechnology assessmerithe facility consists of two primary
buildingsthe Frank M. Johnsaidr.U.S. Coutiouse and thé=rank M. Johnson Jr. Federal Building (also
known as t.he “Annex”)

The original courthouse wasmpleted in 193&nd is listed in the National Regestf Hisbric Places. The
courthouse is fivatories tal| with over 135,000 gross square fesgtda U-shaped footprint with an interior

light welland a red tiled roof The most significant interior space is the U.S. District Courtroom, where Judge
Johnson presield, on the second floor. Limestone arches surround the winddwsrazzo and marble

floors, marble wainscot, bronze elevator doors with fsatief panels, and bronze radiator grilles are found
throughout the building Between 2002 and 2006, the origitmlilding was renovatednd the interior

spaces reconfigured to accommodate the needs of the court. Even though the courthouse was renovated,
apparently it does not have any means to econonaaeonditioninghe building during winter and cool

spring andallmonths. This drives the need to run the chiller system almost all yegattines, during
significanthow loads.

The fivestory Annex was constructed in 200&%ith over 325,000 gross square feehds a radialarc)
design thatis stylisticgl compatible with the original building. The Annex contains judges' chambers,
District Courtrooms, and bankruptcy courtsThe Annex was constructed to meet current ventilation code
requirementsincludngeconomizer functionality that provides for cooling durimimter, spring, and fall
months In 2004, the two facilities were linked together.

Space cooling is provided by a central chiller plant consisting of thregpAQ@®ntrifugal chillers (Carrier
model number 19XR series chillgrsstalled circa 1998). The chillers have constsmeed compressors. Each
chiller has its own chillevater pump and condensewater pump. Chilled water is distributed through the
two buildings in a primargecondary chiiéd-water distribution system. Along with the installation of the
controloptimizationsystem, each of the pump motors and tower fan motors was equipped WA
Differential-pressure transmitters were installed on all the pumpdditional instrumenation wasalso
installed or replaced to accurately measure loop temperatures (supply/return) for each primary ehilled
water loop and théwo secondary chilledvater loopsandfor crossover (bridge) temperaturbetweenthe
primary and secondary piping.eM current transducers were installed on all of the chiller compressor
motors and several of the pump motors to measure individual power loads. In some cases, existing VFD
derived signals (pump and tower fan motor kW loads) were used to save on instratientosts. These
will be detailed in the instrumentation section.

The purpose of this demonstration was to determine the energy and cost savings associateaniroh
optimizationin the central chiller plant serving the Frank M. Johnson Jr. FeBeriaing and U.S.
Courthouse.

Ideally, such energy and cost assessments include developiagastallationbaseline (before the

technology is installed) and poststallation (after the technology has been installed and operating)
performance profile othe chiller plant, establishing a cooling load profile for the building, and comparing

the resultsusingaweatharor mal i zing approach. Il deally, at | e
desired to provide an accurate comparison to the postallaion technology performance, as reflected by

Control Optimization System f@hillerPlantsAssessment Pageb



the data and weathenormalizedIn this case, théechnology was installed without GSA collecting a
monitored baselineHoweveran estimated baseline was simulated over the course of one month, after the
optimization technology was installed but before it was implementated.

GSA used PNNL’'s Manual Mode ap p wherhythe chillerpldnéecousd! o p
be operated in Manual Mode for two separate tweeek periods in an attempt to simulatke baseline

behavior of the chiller plant (prior tine implementation of the optimization technologyPNNL suggested

that the monitored data provided by this approach is prefieleto modeled information. Also, the site

should be able to confirm tha#lanual Mode reasonably represents the original chiller plant operation.
Finally, Manual Mode would use the original building automation system (BAS) operating code, which
provides better confidence than simply disabling tleamtrol optimizationsystemalgorithms.

There are many assumptions regarding whether Manual Maombeiratelyepresents the original chiller
plantoperations. Thisincled the pump speeds, chiller ggtints, chilledwater distribution pressureand
actual air handler economizer germance.The short time period (224 days total) will not capture the

full load range of the chiller plant load profiles, which will require extrapolation of the Manual Mode data
that results inuncertainty in the energy savings results.

Additional changs may have been made to piping systemg (three-wayvalves converted towo-way

valves, isolation valves added, etc.) which cannot be returned to original piping configuration (therefore not
simulated). Further, itis notideal to collect monitoreata after the new technology has been installed.

The site will be influenced by tleentrol optimizationsystem @perating strategy and may not operate the
chiller plant or the loads servedif handling unitAHY cooling coils, etc.) exactly in the samanner as
theyused to be operated.

PNNL cannot validate that tidanualMode data reasonably represents the chiller plant performance
throughout the year. Thereforeesults will be presented as energy and cost savings rangéspecific
values.

Themonitoring plan targeted the recording aital chilledwater plant input power (kW), chilledater flow

rate and corresponding chillegater supply and return temperatureandthe electric energy consumed by

the chillers, chilledand condensewater punps, and cooling tower fans. Parameters required to quantify

the thermal cooling load provided by the chiller plant were also monitored. The chiller plant was monitored
from January 132013 through August 31, 201pgak summeand cooler fall and springpad periods)The
monitored data was used to determine the operational performance of the chiller plant, as well as the
thermal cooling load profile of the building as it relates to occupancy and weather conditions.

PROJECT RESULTS/MNIE3

Analysis of th monitored data showthat the chiller plant withcontrol optimizationis more efficient than

the baseline chiller plant. Figure 1 shows the performance profile of the chiller plant witietive

technology compared to the Manual Mode (estimated baseline). There is a noticeable difference between
the baseline chiller plant operations and the chiller plant operations wothtrol optimization
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Figurel. Compaison of constanispeed chilledwater pump estimated baselingdBefore)and
chillerefficacywith control optimization systemspost-installation (After) kW/ton performance.
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The yellow lines on each chart represent chiller plant performance relative to 0.®kWwfficacy and 400
Ton secadary (building loads). Thogtimizationcontrol technology performance is showing lower efficacy
values than the prenstallation (simulated) performance values.

On a weathemormalized basis, the resulting analysis estim#tes controloptimizationreduceshe chiller
plant energy consumption from a projected baseline value of 1,495.96 MWh/yr to a projected value of
972.51 MWh/yr, with an energy savings of 523.44 MWh/yr or 35% savings of the projected baseline.

Due to the limited data set from the bridManual Mode period, the projected savings has a confidence level
of 80%, resulting in a total uncertainty of (}¥10.8%. This means the projected savings could be as low as
24.2% or as high as 46.8%. The annualized cost savings are projected to 88, $54ming a utility cost

of $0.08/kWh With the level of uncertainty already noted, the annualized cost savings varies from $28,962
to $56,0009.

Assuming that thianualMode simulation is a fair representation of previous chiller plant operations, a
simple payback does occur during theyi®ar life of the control technolodt all projected cost saving
ranges, except for the very lowest savings range (< $31,000/year).

With a discount rate of 4%, the net present value of this demonstration is $324A86ndicates this
technology, as demonstrated, may be cedfective because the energy savings justify the installed costs of
$310,0008, even atthéhighestievels of uncertainty.

1A 15year equipment life for the VFDs was assumed, resulting in a 25% residual value at the end of the project period.
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SPACE GAP

CONCLUSIONS

The application ofontrol optimizationsystemtechnologyoffers the potential for reducing energy
consumption in space cooling applications througgtallation and optimizationf variablespeedoumping
systems and variablepeed airflow systems (cooling tower fans) that serve a watexied, centrifugh
chiller plant.

The technology vendor claims th&technology can reduce annual chiller plant energy by between 20%
and50%, with an average predicted efficiency of 0.65 kW/tdihe chiller plant efficiency throughout this
demonstration average@.64kW/ton, with an expectedverageannual energy savings 8%%.Therefore,
the controlsystem optimizatiotechnology igprojected to becapable of achievintpe claimedenergy

savingperformanceat the site being evaluated

This technology isonditionally recommended for targeted deployment for locations that meet the following
recommended guidelinés

1 The proposed site’'s electricity rates ($/ kWh)

1T The proposed site
(or longer).

S C 0 o |lireahidersso®pemte n8 n(omths/ygar o c e s

9 Buildings having cooling loads greater than 500 haurs/day, 3 million torhours per year

1 The proposed site will undertake new construction of facilities that ntleeabove criteria.

The technologgosteffectiveness is related to facilities annual tbrs and energy costs. In general, a
larger cooling load will improve the ROl in areas of the country with lower energy costs. Guidelines for
targeted deploymenare best expressed by combining tbnsand energy costs.

2This number is providetly the vendor and cannot be itemizeduring the report investigation process, PNNL teisthat at least ®% of thecost

noted was for labor (engineiry, design, management, startignd site customization). Most tfese technology upgrade effortgave significant
laborcosts builtinto them as they are unique, custizadinstallations.There is an assuméabor componenfor engineering aa team ofsubject

matter experts is attached to the site during design, installation, and startup. Also assumed to be part of the prajemtecadtitional efforts to
integrate the existing BABiththev e n dtechnblagy to customize the softwareand startup/validate the new plant configuration with VFD

driven pumps and towefans over several weeks, with additional site warranty requirements and validation of different seasonal loading that cannot
be accounted foduring the initial installation. There may be other costs of which PNNL was unaware. These costs (if true) wouldsimapkethe
payback even longer, therefore not casftective.

3 Prior to giving this technology consideratiorgetailed sitespecifc engineering analysis is recommended which should include a monitored
baseline for the existing chiller plant. Thisis a critical-fitsp to determine technology applicability.
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Costeffectiveness guidelines

Energy Cost Facilities Cooling Load
At or above National avg $.11 blended KW/h 3 million ton-hr or greater
Below National avg $.11 blended KW/h 4 million ton-hr or greater

Variable-speed chiller plantalready have variable frequency dri&Ds)thusreducingnstalled costsand

should be evaluated for energy and costs savings with the camptaihization system technologiowever, the
energy savings for variabkpeed chiller plants is likely b lower than the constanspeed chiller plant

evaluated in this assessment. Therefore, itis recommended that a detailed engineering analysis, including a

monitored baselinebe used to evaluate the possible applicatiorcohtrol optimizationfor variabk-speed
chiller plants.
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Il. Introduction

The U.S. General Services Administration (GSA) is aleader among federal aigaggressively pursuing
energyefficiency opportunities for its facilities and installing renewable energy systems to provide heating,
cooling, and power to these facilities. GS& Pu b | i ¢ 8hasjurisdictiongust&®gor contral e

over more than 9,600 assets and is responsible for managingaseinventory offederal buildings totaling
more than 354 million square feet. iBincludes approximately 400 buildings listegor eligible fodisting

in,the National Register of Historic Places and over 800 buildings that are more than 50 years old.

GSA has an abiding interest in examining the technical performance andftedtveness of different
energy-efficient technologies iits existing building portfolicas well as thosbuildingscurrently proposed

for construction. Given thatlarge majority of GSA buildings include office space, identifying appropriate
energyefficient solutions has been a high priority for GSA, as well as for other United fatdézal
agencies. Since the enactment of the Energy Pol i
Federal Environmental, Energy, and Transportation Managenin 2007,other federal agencies are

looking to GSA for strategiesmeet theenergy efficiencandrenewable energgoalsmandated by statute

and Administration policyBased on the sheer size of the building portfolio, there exists a huge oppartunit

for potential energy savings.

A. PR@LEM STAEMENT
Energy consumption for space cooling accounts for 9.6% of the total energy consumption in office buildings
in the United States, according to the U.S. Energy Information Administration (EIA 2003b). Té8spaale
cooling the fourth largest endse energy consumer in office buildings. Further, space cooling in office
buildings is provided by chillers in 32% of the total cooled floor space in office buildings (EIA 2003a). This
makes chillers the second lagfgrovider of space cooling in conditioned office buildings by total floor
space. The largest provider of space cooling is packaged air conditioning units, which account for over 51%
of total floor space.

Controloptimizationsystemechnology i€xpected to offer higher efficiency compared to conventional
constantspeed centrifugal chiller plartsas well aseduced energy consumption, thereby assisting GSA in
achieving the energyse intensity reduction requiremenidentified in the Energy Ingeendence and
Security Act of 2007 (EISA 200Mis report will assess the energy performance from one installation of
controloptimizationsystem technologin a central centrifugal chiller plant and draw conclusions on how
the application of this technolgy may contribute to further reductions in space cooling energy at GSA
facilities.

The vendoiprovideddocumentation for this technologsiaims thabptimization control'resets pressure
and temperature setpoints of chilled water and condenser watereystbased on current system dynamics
to increase chiller plant deliverable tonnage while reducing chilled water and condenser water pumping

4This report assumes, unless stated otherwise, that any reference tidler gtant or the chiller plant equipment refers to a centrifugal chiller plant
with centrifugal equipment.
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energy and reducing chill&\ perton The technology utilizes variable frequency drives (VFDs) on all
major chilker plant equipment to reduce flow rate® theyare commensurate with the current system
demand loads.

B. OPPORTUNITY

There are several alternatives for providing space cooling to commercial spaces. These include central
chillers (aircooled, watercooled,centrifugal, reciprocating, rotargcrew, scroll, and absorption); direct
expansion packaged air conditioning units (wateoled and aHcooled); heat pumps (aisource, water

source, grounesource, and groundavater-source); plus a few other configuratisrThe Commercial

Buildings Energy Consumption Survey (CBECS) estimates that chillers are used in 3.7% of commercial office
buildings (by number of buildings), bat31.9% of commercial office building floor space (EIA 2003a). This
illustrates that chilles are predominantly used in larger (>200,000 éommercial office buildings.

What makes theontrol optimizationsystemtechnology unique is its ability to calculate the chiledter
system’”s “dynamic” Vari abl e S yefficienttoopdifferentialpressureCur v ¢
for the systems (condenser water and chilled water) to operaased on the current calculated system

load. The technology application also reviews existing piping and equipment designs and may (if

determined to bebeneficial) add automatic isolation valves and convert piping loops with inherent losses to

be more efficient. Thisis accomplished by convettinge-wayvalves tawo-wayvalves and removing

bypass valves where water is flowing for no immediate beteflie system load.

The control technologgrimarilyreduces energy consumption at the \VEBven pumps due to derived

benefits from the affinity lawshe affinity laws state that power consumed by a centrifugal device (e.g.,

pump motor,fanmotoye t c. ) i s proportional to the cube of tF
Tablel.

Tablel. Affinity laws applied to a centrifugal pump and fan motor.

Relationship Affinity Law Pump Motor Fan Motor
Flow rate is (Fl ow)
proportional to
speed
Poweris (Powerxa(Speedd | Since (Fl ow Since (FI o\

proportional to the
cube of the speed

GPM: Pump flow rate, gallons per minute
RPM: Pump speed, revolutions per minute
Hp = Pumpmpower, horsepower

To illustrate how this operating strategy can reduce powesuase a chiller plant has two 86p chilled

water pumps and operates one pump at full load. The shaft power demand for the one pump at full load is
50 hp. However, if both pummperate at 50% load to achieve the same combined flowaatene pump at

full load, the shaft powerdemand is only 12.5 mppresentinga 75% reduction in shaft power. The same
principle is applied to the cooling tower fan motoHowever, in pumping sgems this is an idealized
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relationshipbecauséhydronic flow losseslue to piping frictional losses and other system effects,
contribute to the power relationship being less than a cubed relationship.

Individually, VFDs provide significant energy sa/berause the speed of the equipment can be decreased
when the load allows. The benefit of VFDs is illustrated graphicatigure2, where the power input ratio,
relative to constantspeed equipment, is compared to the centrifugal affinity law.

Gontrol optimizationmay alsaeduce energy consumption by lowering the entering condenser water
temperature (ECWTP)o the chillerwhile managing chiller lift, thus avoiding chiller surgimggeneral, the
efficiency of a centrifugal chiller can be increase @496 per 1°F reduction in the ECWT (Thumann 1991)
Control optimizatiorsyste mtechnologyoptimizescooling tower fan speedsa conjunction with optimized
condenser pump speeds to maintain the required condenser water temperature and flow paraméisrs
operationalapproach lowers th&€CWT and increases the chiller plant efficieHoyvever, many other
building automation systertBASgontrol algorithms are capable of achieving reduced condemséer
temperatures, even with constargpeed equipment

5 The manufacturer cites condenser temperatures inthe 50 degree range, though colder condenser water temperatures albwylinttdhe
chillermanufacturer will allow.

6 Based on constant condenser pumping. Variable condenser pumping canincrease chiller effigacy 1
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Figure2. Power input ratio (relative to constant volume) for centrifugal equipment as compared
to the affinity law (adapted from Doty and Turner, 2009).

140

I
= Constant Speed
Variable Inlet Vane
120 — ===Variable Frequency Drive
= Affinity Law

100
>
O
< 80
o
3 /
c /
= 60
) /
= /
o
o
40

Z

20
—
0
0 20 40 60 80 100

Load Fraction (%)

Control Optimization System f&hillerPlantsAssessment Pagel3



lll. Methodology

The methodology section is divided irftur subsectionsHrst, a detailed descriptioaf the technologys
provided Second the controls behind the technologyre describedThird, the desired technical objectives
arediscussedFinallythe demonstration locatiomsintroduced.

A. TECHNOLOGY DESCRINTI

This report refers to the subjectthnology ashe Control Optimization System f@hillerPlants. In this
technologyall chiller plant equipment that impacts flow of water and air (chilled water pumps, condenser
water pumps,and cooling tower fans) is required to be varialsigeed. Thitechnology is applicablenlyto
centrifugal chiller plants and does not apply to other chiller tygeséxamplepositive displacement). The
controltechnology s r ef er r ed t lmecaase thé cdrdroha mass flow rates through the
different parts of the chiller planisrequired to meet the reatime calculated demand for heat transfer
(chilled water flow, condenser water flow and cooling tower air flow)

The specifictechnology evaluated is a netwbdsed control strategy designed to nmimie flow
requirements in thechillerplant (towersandchillers) and at the connected loadsi(handling unitsAHUs).
Typically, he technologyaneliminate decoupling or distribution system bypasses (such as primary
secondary distribution systems and thre&y valves) and replace them with primary/boost systems and
variableflow viavariable frequency device¥FD3 The technology will work witiFDs on chiller
compressors, but VEDnchiller compressor motorarenot required.

Control optimization systentechnologyoptimizes the chiller plant efficiency by staging all the chillers,
chilled water pumps, condenser water pumpad cooling tower fas such that the combination of chillers
and their related ancillary systems are operated closest to their original design curves throughout the
system loading. Specificakbgntrol optimizationrseeks to operate theninimumnumber of pumps and
cooling taver fans required at lower patioad capacity to reduce overall chiller plant power consumption,
while maintaining the required chiller lift for stable refrigeration performance at all tonnage loads. The
following technical descriptions provide some adtatiial insight:

1 The technology requires a customized operating configuration (unique to each installation) to
ensure the chiller plantis always operating at its peak efficiency. The technology achieves peak
efficiency by optimizing pump speeds on the conder, evaporatarand secondary building loops
along with optimizing the cooling tower fan speeds.

1 The technologgeeks to optimize flows by isolating equipment from each otkeg.(towersand
chillers) and removes or eliminates the need for bypassaséndhree-wayvalves (at pumps),
ensuring pumping energy is used solely for moving fluid through coils and equipmeate¢hat
needed for heat transfer. Isolation of equipmentd.,towersandchillergmay require the addition
of isolation valves (aeplacementif failed, or if check valves used forisolation are unreliable).

1 While notwo chilled water plants are the same, if similarly sized and designed chilled water plants
existed, the cost savings of not having to create customieautrol-codedsequences might exist.
This wouldhopefully, provide lower design and installation costs for the prospective site. However,
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given other constraintsy.g.,location, climate zone, building loads, mission of the site, AHU cooling
coil designsand level d maintenance) that exist from site to site, this may not be possible.

T The opti mi z a tVariabePréssure Cune Logilgoyithmis used in conjunction with
controlpaneltocalct at e t he chi | ynamicvasiable SysterBrgssue €Eumve s  d
CalculatedProportional, Integral, Derivativé(D loopsignalsare delivered tdhe condenser and
chilled water VFEIriven pumps as well as the cooling tower Vdiiyen fans.The technology
determinegthe speed hertz) at whichthe VFDshould bedynamicallyoperatingfor the calculated
system loads. The calculat¥@riable System Pressure Curve is continuedlgtting the loop
differentialpressuresetpointsto maintain the most efficien¢vaporator and condenser wateside
pumpingpressures(matched to the current system loadThe goal is to reduce chillén/ton
performance whil®ptimizingsystempumpingpressures so they are matched to system loads. The
intentis to reduce or eliminate mixing of chilled water supgglchilled water return (without any
effective enduse cooling). When this unwanted mixing occurs, the results include lower Delta T
valuegthe difference in temperaturgbetween leaving and enteringaterloops at the chiller
machine(sjhan the system design inteled, which can resultireduction inchillerdelivered
capacity and degrading of chiller efficientihe result®ften reflect movement of water with no real
benefit to the enduse cooling load(s) in the building.

1 Systemloads are calculated usafglled water plant instrumentation (temperature and flow
sensors)as well as integrating into the building automation system (BAS) for the purpose of
obtaining realtime load performance data at individual air handling units and their respective
coolingcoils. Reatime loadperformance at individual AHiik generally determined from cooling
coil valve positions, entering and leaving air temperatures for the cooling coils and individual space
temperature and humidity sensors (as selected). To furthénogethet e ¢ h n @érforgances
if a significant number of cooling coils are designed thithe-waycontrol valves, they may be
modified to betwo-waycontrol valves to ensure VFiven pumps can benefit from reduced valve
opening (partload) condiions.

1 Baseduponthe AHU cooling load calculations, the primary chilégdr pumps (and secondary
chilledwater pumpsif designed as primary/'secondary pumping system) can be varied in speed to
reduce flow rates at both ends of the chiller plant (theélleh machines the AHU cooling coil loads).
This is done while still maintaining minimum evaporator flow rates through individual chiller
machine(s) and while still maintaining AHU cooling coil leaving temperatures. This translates to
higherDelta T Asa rule of thumb, hisdifference in leaving and entering water temperature works
to the benefit of the chiller machine life and operating efficiency when the Delta T is greater than
8F12°F.

1 Since temperature measurementis also critical to the technphygplication, it would not be
uncommon for existing chilled water plants with existing BAS infrastructure to have their existing
temperature sensors and flow sensors on chilled water and condenser water loops replaced with
higheraccuracy (tighterprecsin ) t emper ature sensors and fl ow
may also include relocation of sensors (if poorly located) based t h e engneeding analysis.
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1 Since water flow rates are being reduced at the chiller machines, existing safetfiitches in the
evaporator and condenser loops most likedjl need to be replaced with switches that are sensitive
to lower flow rates (to avoid nuisance chiller tripping/shutdown actions).

B. CONTROLS DESCRIPTION

Thecontrol optimizationsystentechnolayfor chiller plantgprovidedeadlag operation for thehree
chillers. On ademand for mechanicabling, the lead chiller will bieirnedonby the control systenirhis
chiller will operate and maintain the return chilled watemperature as requiretly the controls algorithm.
If the desired return chilled wateéemperature cannot be maintaine@fteran adjustable time delay30
minutes), the lag chillexillbeturnedon. The lag chillexill run for aminimum of2.5hoursand is
adjustable. If théag chillelis not able to maintain the return chilledater temperature required byite
controls algorithmDelta T), the thircchiller will beturnedon. When theDelta Tis satisfied, the system will
index the lag chiér(s) off in reverse order (lashitlerturnedon is the first chilleturnedoff, after the
adjustable timer has expired).

Primary variable volume chilled water pumps and condenser water pumps will be started and stopped by
the controloptimizationsystem. When a chiller sequence isiitiéd, the respective chilled watgump will
beturnedon after a time delay. After an additional time del#ye condenser water pump wille turnedon.
After a furthertime delay and when water flow has been establiglgdhe flow switches in the resutive
condenser and chilled water loops$he respectivehiller will be startedSince flow rates are often reduced
during the chiller operations (to optimize flow with demand), the existing flow switches are removed and
replaced with flow switches thare more sensitive to low flow rates (another project upgrade coathen
mechanical cooling i®0 longer required from the chillethe chiller will baurned off first. After a time

delay, the condenser water pump will terrnedoff. After a further time delaythe chilledwater pump will
beturnedoff. If a pump failure is detected, the lag chiller system wilidvaedon.

Thesystemgechnology determines when to stage equipment up or down. After an adjustable time delay
(30 minutes) the lag chillewill beturnedon. The lag chiller will run fora minimumashours

(adjustable). When achiller sequence is initiated, the respective chilled water pump withleel on after

a time delay. After an additional time deldlie condenser water pump Wibeturnedon. After a further

time delay and when water flow has been established (by the flow switches in the respective condenser and
chilled water loops), the respective chiller will be started. When mechanical cooling is no longer required
from the chiller, the chiller will béurnedoff first. After atime delay the condenser water pump will be
turnedoff. After a further time delay the chilled water pump will ened off. These delays prevent short
cycling of chiller plant equipment

Secondaryariable flow chilled water pumps will be started and stopped by the cosyrsiem whenever
mechanical cooling ieeded.The speed of the pumps will be controlled to satisfy the chilled water

demand, asletermined by the buildirig chilled water controlalves (located at each AHU).

On initial call for mechanical cooling, one tower fan and one condenser water pump and one chilled water
pump will be energized, along with the lead chiller. Additional cooling towers will be brought on line (tower
isolationvalves will open accordingly) as needed, based upon the number of chillers in operation and the
demand for condenser water. The condenser water temperature will be maintained by modulating the
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individual cooling tower fan speeds. The volume of condensagemwequired at each chiller will be
maintained by modulating the condenser water pump VFD speed.

Controloptimizationintegrates with any BACn&tnabled BAS, though if the existing version of BACnetis

older than five years it will require additional gmamming. Also,ane GSAegions are refusing to allow

any BASntegration product to be connected to their buildings unless it meets certain design criteria.

some cases, this means t h-emgmtbkesystemicomnmponent. be a “ Tr i

C. TECHMCAL OBJECTIVES

The purpose of this demonstration is to determine the energy and cost savings associatedmirith

optimizationin a central chiller plant serving afederal building and federal courthouse, as compared to the
baseline constanspeed cliler plant. The demonstration will monitor the operational performance of the

chiller plant with the installed technology over the full range of normal operation. The coelaalgprofile

for the demonstration buildinglsowill be determined from the moitored data. The measured

performance of a chiller plant with theew optimizatiortechnology will be compared, using a weather
normalized analysis, to assess the resulting energy savings delivered by the technology. The findings and
conclusionslsowill include a lifecycle cost analysis. To the extent possible, the demonstratsmwill

assess the technol ogytHe&SAporttokod er appl i cati on wit hi

The loop controbptimization(along with the chilledand condensewater pump and cooling towedan

VFDs) were installed prior to this demonstratiohherefore, the performance of the baseline constant

speed chiller plant could not be monitored as part of this assessmentdrieol optimizationsystem

vendor provided model performance data fovaseline constartpeed chiller plant. This occurred prior

to installing the technology, installing isolation valves, modifying bypass vahesstalling VFDs for

different pumps and cooling tower fans. While the vendor modeling of proposed enargygs may be

based upon multiple installed configurations and multiple sites in various climate zones, this is not adequate
for a true measurement and verification (M&V) effort. Instead, a baseline was derived from the monitored

peak power of the chillgslant equipment when operated in a modeferred to as Manual Moddhat was
configured to *si mul ampe&emengtiomopthedeghmalogyt i ons pri or t c

In an attempt to developetroactivelya constanispeed chiller plant baseline performanceettontrol
optimizationsystemwas disabled for two separate time periods: March 18, 2013 through March 31, 2013
(winter weather demonstration)and again from August 19, 2013 through August 31, 2013 (summer
weather demonstration). It was assumed that whihe control technology was disabled, the VFDs on all the
chiller plant equipment would be disabled (VFDs would be bypassed or placed at 100% speed) and the
performance of the baseline constaspeed chiller plant would be replicated. In most cases yiiais

achieved without too much effort, but the control vendor had to make some modifications to the control
technology to simulate the original control responseg(,equipment staging), especially during ldead
periods the March 2013 demonstration pérd).

7The control optimization system, condenserwater pump and primary chilled water pump VFDs and cooling tower fan VFBsiheerai2012
as part of an American Recovery and Reinvestment Act (ARRI8d project. The secondary chilled water pump and cooling tower fan VFDs are
assumed to be installed circa 1998 and have been replaced/upgraded only as VFDs have failed ®@obsol@te.
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In some cases$hree-wayvalve and bypass valve conversions, or lack of isolation valwas not be
simulated without a significant level of effort by the-site GSA Operations & Maintenance (O&M)
contractor staff. Simulating previous conditighat no longer exist adsh certain level of uncertainty
(whichcannot be avoided), when verification of equipment and plant performance is attempted without
properly measuring the baseline system performance.

Typically, different technologies are compéren the basis of efficiency (or output energy divided by input
energy). However, refrigeration equipment does not generate output enéngyrather transfers thermal
energy from the building to the outside environment; therefore, the conventional dédimibf efficiency

(i.e., output divided by input) is irrelevant. An appropriate comparison is better defined as cooling energy
provided (or useful thermal energy) divided by energy consumed. There are several methods to convey
chiller efficiency. The mogeneral is to use the coefficient of performance (COP), which is determined as
the ratio of useful thermal energy (in Btu) to energy consumed (also in Btu). Tha!€0&h be calculated
using the rate of useful thermal energy (in Btu/h) divided by posleanand (also in Btu/h). COP is a unitless
measure of efficiency and provides a direct comparison of how much energy is required by the chiller to
transfer thermal energy out of the building.

For industrial chilling equipment, chiller performaradsomaybe expressed as power input per unit of

capacity. As defined lifie Air Conditioning, Heating and Refrigeration Institute (AHRI), power input per
capacity is a ratio of the power input supplied to the chiller (in kilowatts, kW) to the net refrigerating

capacity (intons of refrigeration) at any given set of rating conditions, expressed in kW/ton (AHRI Standard
550/5902011). Also, the rated efficiency level for commercial chillers used by the Federal Energy
Management Program (FEMBgsignated products aniSHRAE Standard 92010 (ASHRAE 2010) are
expressed using the power input per capacity ratio (kW/ton). This is an inverse efficacy measure because a
smaller numberimplies a greater efficiency (or higher COP).

The primary objectives are to optimize floates by measuring the supply/return temperatures of various
flow loops (condenser watendprimaryand secondary chilled water loops). When the difference (Delta)
between the supply and return loop temperatures is lower than the optimum desfjre this can initiate a
reduction in flow rates that results in pump horsepowap)savings while returning the Deltato design
levels.

Other benefits can include moreliable operations during looad periods ool spring and fathonths,
winter months). Irsome climate zones (1A, 2A and 3A3HRAE design guidance (at the time of the
demonstration) allowedor minimum ventilation designs to be applied to buildimgsucha waythat they

can never optimize the use of outdoor air for cooliagenwhen optimal. When these designs are applied,
the greatest amounof outdoor air that can ever be introduced to the supply fan systems is often less than
20% of the total supply air. If there are minimal hours per year (most likely the winter months of
November~ebruary) when a full economizer design would allow the building to be cooled without having
to operate the chillers, that cannot happen when the building has an economizer designed to proiyde
the minimum required ventilation. Inlocationsinthe soath U.S., this is often the case. The alternative
for many of these locatiogis to provide some means to economize via watele (cooling tower)
economizer systems that bypass the chiller plant, while using the cooling tower during low ambtent
bulbconditions.
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While this analysis is not focused on other means to economize, it may be prudent to evaluate these
systemsecausamany locations may find additional benefit from watgide economizer technology. In
some cases, it has been our observatiloat water-side economizers have been abandoned in place due to
poor design, poor maintenance, poor contrahd other operational issues. Other ldoad operations exist
as follows:

1. Systemsinwhicfull air-side economizers exist on some AHUs, but moalb AHUs. This can result
inthe need to still mechanically cool (chiller operations) in cool outdoor conditions (but with lower
loads than would typically be found with working-gide economizers).

2. Systemsinwhicall AHUs can utilize a full econai, but the building has a yeasund process
load (often 24/7) that is running inside the building. Often, this can be a data center process load,
but it may be other process loads.., medicalormanufacturing).

Whenthe only option for the buildin@&Mstaff is to provide mechanical cooling, this technology has
significant advantage for optimizing chilf@ants that operate during lodoad conditions.

Data from power meters and sensors(,temperatureandflow)wascollected through the existing
Siemens building automation system (BAS). Data from the matelrsensors/ascollected at iminute
intervals and averaged before being stored imiBute interval tables. The stored dataasused botho
determine the performance profile for the chiller plaamd todetermine a thermal cooling load profile for
the building. Datavascollected from January 13, 2013 through August 31, 2013.

This period of monitored dataincludes peak summereoal fall a springseason loads and represents

the full range of normal operation. The chiller plant performance, building thermal load profile and typical
meteorological year (TMY) data were used to estimate weattwmalized energy savings associated with
the cortrol technology. The results were used to develop an economic assessment of the technology.
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SPACE GAP

D. DEMONSTRATION PRGIJEOCATIOAND DESCRIPTION

GSA identified th&rank M. Johnson Jr. Federal Buildingldrfsl Courthouse as the demonstaatilocation
for the control optimizationsystan for chiller plants Thefive-story U.S. Qurthouse is a major landmark in
the city ofMontgomery, AlabamaCompleted irt933 and later listed in the National Historical Regidter
Frank M. Johnson Courtbse has more than 135,00frosssquare feet of space. The Federal Building
(knownasthé A n n e Xive)story pdus lzasement building that was constructed in200the shape of
an arc and is located adjacent to the existing U.S. Courthouse. The Rasw@ore than 325,000 gross
square feet of spacelThe central chilleplantis locatedn a basementevelmechanical roonand the
cooling towers are locatedutside on the street level (S. Court Streé&)photograph of the building is
shown inFigure3.

Theoptimizationtechnology was installed as partthie multimillion dollar American Recovery and
Reinvestment Act of 200ARRAproject. The projectincludeddvanced metering installation, BAS
graphical userinterfacepgradesinstallation of VFDsn all primary chilledand condensemwater pumps
and installation of theptimizationtechnology See Table 3 fordgitional instrumentation used by the
technology
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Figure 3.Photograph of the=rank M. Johnson Jr. Federal Building ands. Courthouse, located in
Montgomery, Alabama. The Courthouse is the upper right building (red roof) and the Federal
Building (Annex) is the lower (arc/senircle) building. The cooling towers are located outside,
just to the right of the Annex nexto S. Court Street. Photo courtesy of Google Maps.
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IV.M&V Evaluation Plan

The measurement and verification plan section includes four subsections. The first section provides a
detailed description of the demonstration faciljtpcluding the baseline constasspeed chiller plant
operational strategy. The second subsection provides a description of the planned operation of the
technology. The third subsection identifies the analytical method that will be used to evaluate the
performance of the chiller plant with the subject technology. The fourth section identifies the
instrumentation that was installed to collect the necessary data used to evaluate the technology.

A. DETAILED CHILLERNPLEQUIPMENJESCRIPTIONND HISTORICAL ORHRN
TheFrank M. Johnson Jr. Federal Building and U.S. Courtleens®l chiller plant consists of three, 406h
Carriercentrifugalwater-cooledchillers Three cooling towers provide heat rejection for the chill&esch of
the three oling towers iserved by a 5Gip fan. Each chiller h#s own chilledwater pump (1%1p) and
condensefwaterpump B0 hp). The nameplate specifications for the chiller plagtiipmentarelisted in
Table 2, where athe equipmentis rated at thre@hase, 48 volts.Aschematic of the chiller plantis shown

in Figured.

Table2. Chiller plantequipmentnameplate information.

Rated

Chiller Plant Nominal | Electrical %Junrrlé?ft‘d Rated
Equipment Capacity P(%//vvir (A) Efficiency
Chillers 12, 3 400tons 291 350 N/A
Primary Chilledvater Pumps 1,2,{ 15 hp 11 19 90%

Secondary Chilledater Pumps 4,% 60/25 hp| 40/20 72/30 92%
Condensemwater Pumps 1,2,3 | 30 hp 24 35.5 92-94%

Cooling TowerFans 1, 2, 3 50 hp 40 N/D! N/D

1. N/D: Notdocumented

Chilled water from each chiller feeds into a central header thadteto the main chilledvater supplypipe
for the twobuildings (Courthouse and Annex)dividual secondary chilled water pumpirculate chilled
waterto the Annex (Pump 4) anid the Courthouse (Pump Buildings to provide chilled water to the
variousAHUs

Condenser water from each chiller feelsommorpipethat travels to the cooling towers locatexditside

the building atthe S. Court Street level (see Figure 3 for cotaimgr location) There $ a bypass valve and

line between the condenser leaving water and the tower basin that bypasses condenser water flow around
the tower fans when the leaving water is too coboétause o€old weather conditions)lsolation valvesra
provided on the entering and leaving side of each cooling tower.
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SPACE GAP

Figure 4.Schematic of thé=rank M. Johnsofrederal Building antl.S. Courthouse central chiller

plant.

Frank M. Johnson Federal Building and U.S. Courthouse
Chiller Plant Diagram
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Thechilled-and condensewater distribution pipingemained unchangeds a result of the control
technology installationexcept for the automatic isolation control valstbat were installed on the entering
and leaving sides of each cooling tower, as illustrated in F@uitds unclear from interviews and

documents if ay field-level cooling coil control valves (AHU cooling coils) or their associated piping were
replaced or modified (convestifrom three-waybypass piping tbwo-way). Fieldevel modifications can be

part of thecontrol technologypgrades that are pedrmed as part of the optimization. Figure 4 also shows
locations of new and existing VFDs and power metering, differential pressure, tempegeatdridow

instrumentation.

Installation of the control technology wasarted in February 2012 armbmpleted inJune 2012In addition
to the control technologynewVFDs were installedoneachh i | | er ' s pr i

water pumps. VFDs already existed on the secondary chilled water pumps and the cooling tower fans

mary chi

(assumed to benistalled in 1998). ltftasonic flow metesalsowereinstalled on the two secondary chilled

water supplypipe loops that feed the Courthouse and the Annex buildings and on the primary chilled water

return loop. Additional instrumentation.g.,temperaturesensors, flow switcheanddifferential pressure
transducers) and isolation valves were installed as noted in Tabfeaidition, the existin@iemens BAS
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software and hardware upgradegere performedo permitBASntegration with thenewcontrol
technology.

Di scussions with site’s O&M operating staff and c
sequence documents all highlighted the fact that the chiller plant was a constaed plant prior to the
installation of the control technolgy.

Previously, the chiller plant was controlled through the BAS to operate the number of chillers and pumps
required to satisfy the cooling loads in the two buildings. Due to leigaaging, Ventilating, and Air
Conditioning HVAQdesign issues in the933-era Courthouse, the ability to economize (bring in cool

outside air) to satisfy comfort cooling requiremeffiddly does not exist during winter arabol fall and spring
conditions (outside air temperatures <%6565°F). Therefore, itis common to neawchanical coolingin

the Courthouse even during times when outdoor air temperatures are beléw. 4During cool outdoor
conditions like this, the need for chilled water is not as great or consistent, and return chilled water
temperatures can droguickly (due to satisfied loads and cooling valves closing doVihg setpoint for

supply water leaving the chiller does not always adjust automatically. As a result, the chiller(s) would short
cycleand, in some cases, fail on any number of chiller safetydxignts (typically low pressure).

The chiller plantis designed to provide a constant chillater supply temperature of 44°F. The secondary
chilledwater pump VFDs were operated to maintain a minimum loop differential pre ssipointof 8-12
PSI. The KDdriven cooling tower fans were controlled to deliver a constant Entering Condenser Water
Temperature (ECWT) of aroundB&85°F. While this may be the expected summer operations when
outdoorwet-bulbtemperatures are higher, this does not take advamrtad lowemwet-bulbtemperatures

that often existin the winter andool fall and springhonths. The cooling towers are equipped with basin
heaters (rated at 2&«W total capacity) to prevent freezing and allow for yeaund operations.

B. INSTRUMENTATIGNLAN

The existing Siemens BAS was used to monitor and reetad Batacollection includedsnsors that are
directly used in the various control loops tbe chiller plant performance. A few additional sensors were
installed to validate chiller operatio Sensr datawasmeasured every minutéAverage sensor daveas
recorded in 18minute intervalsTable3identifies thesensorsnonitoredand recordedy the BAS.

The primary sensors included 486lt, three-phaseSiemens digital energy monitor (DEp&wer meters on
each chiller and cooling tower faldltrasonic flow meteswere installecn thetwo secondary chilledavater
supplyloops to the Annex and Courthouse buildirgi®ng with an ultrasonic flow meterin the primary
return water line Differentialpressure sensors were installed cross each condenser water pump and each
chilled water pump. In addition, newer higitcuracy temperature sensosgere installed on théndividual
leaving chilled water and condenser water lines from each chiller, a cometom water line from the

chiller plant to the towers, a common supply water line from the towers to the chiller plant, acommon
secondary loop supply temperatusensor individual secondary return water temperature sensarsd a
secondary loop bypassmperature sensor.

Though not related to the primary instrumentation monitoring sensors and plan, new flow switches were
installed on each chiller’”s condenser and evapor
constant flow butthe addtion of VFDsonvertedthe chiller machines from constant flow to variable flow.
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At lower flow rates, the existing flow switches can become problematic. The vendor has found that the
optimum action is to replace with newer flow switches, which are niet@ble at lower flow rates.

Table3. Sensors monitored by th&iemens building automatiosystem(BAS).

Parameter Sensor Units Signal Type

Siemens FST020
ultrasonic flow meter
Chilledwater supply and Siemens higlaccuracy, surfaee

Chilledwater supply flow rate gpm Pulse

°F | Voltage Differential

return temperatures mounted thermocouples
Condensewater supply and = Siemens higlaccuracy, surfaee °F | Voltage Differentia
return temperatures mounted thermocouples
Power, Siemens DEM power meter, KW Pulse
Chiller#1 500-amp current transformer
Power, Siemens DEM power meter, KW Pulse
Chiller#2 500-amp currenttransformer
Power, Siemens DEM power meter, KW Pulse
Chiller#3 500-amp current transformer
Power Primary . -
Chilledwater pump motor #1 VFDderived kw BASDigital
Power, Primary , -
Chilledwater pump motor #2 VFDderived kw BASDigital
Power, Primary . .
Chilledwater pump motor #3 VFDderived kw BASDigital
Power, Secondary . -
Chilledwater pump motor #4 VFDderived kw BASDigital
Power, Secondary , -
Chilledwater pump motor #5 VFDderived kw BASDigital
Power, . ..
Condensewater pump motor #1 VFDderived kW BASDigital
Power, . .
Condensewater pump motor #2 VFDderived kW BASDigital
Power, . .
Condensewaterpump motor #3 VFDderived kW BASDigital
Power, Siemens DEM power meter, KW Pulse
Cooling tower fan #1 100-amp current transformer
Power, Siemens DEM power meter, KW Pulse
Cooling tower fan #2 100-amp current transformer
Power, Siemens DEM power meter, KW Pulse
Cooling tower fam3 100-amp current transformer
Outside drybulb temperature | Siemens higlaccuracy, sensol °F : :
and relative humidity and radiation shield %RH Voltage Differenta
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C. TEST PLAN

A monitoring plan was created collect data on the chillers, chilleandcondensewwaterpumps and

cooling tower fans. The cooling plant performartata was collected from January 2@h8ughAugust

2013 The data were used to determine the performance of the chiller plant undeous load conditions.

The data for determining thermal performance were monitored and storedusihge si t e’ s BAS p
Siemens. This datawas uploaded periodically forindependent review to ensure completeness (no holes, no
“stale tha data Was valid@eadtwas stored for future analysis. Anomalies in the datawere
reviewed with the site staff to ensure completeness or make provisions to account for operational issues.

Further, since the site did not provide any data for the emifilant prior to the ARRAunded improvements,
there was no way to validate the actual prechnology improvement period. Therefore, it was determined
that GSA would configure the chiller plandionulatea “ wi nt er season and a
extent possible) by configuring equipment and controls to operate in a manner that simulated the pre
technology operations. This simulation period was performed in March (winter operations) and August
(summer operations) of 2013. The simulation periodwapposed to be 2 weeks (14 days), buboth
cases, the simulation period was closerto 12 days. The results sirtiutationwill be discussed later.

S u
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V.Results

The results section is divideato four sectionsThe first section highlights the impacts of tbentrol
optimizationsystentechnology The second and thiskectiorsdescribe thebaseline (before) and post
installation (afterperformance profilsof the chiller plantresulting from the monitored dataespectively
Thefourth section extrapolates from the observed data and findings to identify additional opportunities for
improving the performance of thehillerplant both for the monitored location, as well 8 potential other
applications in GSAortfolio.

A. PREAND POSINSTALATION CHILLERANT PERFORMANCE

Figure 5 highlights the improved performance (lower kW/ton) when building cooling loads are less than 400
tons.

Figure 5. Preand postinstallation power and load comparison fo2 chillers.
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In Figureb, thegreen line shows performance relative to an efficacy of 0.75 kWAanoads increase above
500tons, thekWiton efficiency of the pretechnology simulation and poséchnology operations begin to
converge.

Figure 6 highlights the improved performance (lower kW/ton) when building cooling loads are less than 400
tons.
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SPACE GAP

Figure 6. Preand postinstallation power and load comparison fathe entire chiller plant.
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In Figure 6, thgreen line showperformance relative to an efficacy of 0.75 kW/tais of particular
interest to see that loads less than 500 tons show the greatestimprovement (reduced kW/ton).

While the data suggests some separation, things start to converge at loads greatefthtam& Higher
loads demand that the energy to move more chilled water and condewséer also increase Tower fan
speeds also increase due to higheat-bulbtemperatures when these highdoad conditions are seen.
Thus the convergence.

Howeverduringlower-load conditionsthe ability to vary pump speeds (speed reduction) is evident. This
highlights the technolodylsenefitwhen lowerload periods prevail.
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SPACE GAP

B. CHILLER PLANT PAI$STALLATIOANVERAGEERFORMANCE PROFILE

As Figure 7 shows, between 9 AM until almost 6 PM over4m@8th monitoring period, a conservative
decrease in energy of 60 kW can be seen oncetimrol optimizationsystemechnologywas installed.

Figure 7. Preand postinstallation powercomparisa for the chiller planttime averaged over the
8-month monitoring period (Jan. 2013 through Sept. 2013).
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C. CHILLER PLANT POISSTALLATIONAILYYPERFORMANCE PROFILE

Figure 8 shows thmonitored hourly chiller plant performangeostinstallationfor each day of the week,
including holidays
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Figure 8.Daily performance of thehiller plant post-installation.
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Thedailyprofiles shown in Figure 8 should match the profile shown in Figure 7-(pststlation blue line).
When averaged together (including weekends aotidays), the results closely match Figure 7.

Figure &latasuggess$ potentialadditional opportunities forimprovement, either in the site operations orin
the control optimizationsystem(or both).

1 Federal lolidays show power consumption at levels approaching occupied weekday periods. The
holiday period clsely represents the average for all occupied time periods (Figure 7).

1 Sunday nights anlabliday nights indicatéhat energy is being consumed after 8 PM (all nig)d
Monday mornings show significant energy consumption from midnight until 5 AM. Tdgsused
to be related to O&M staff overridabroughthe BAS controls

1 Theholiday and weekday morning cool down period frodM until 8 AM shows a higher demand
spike than the rest of the 2hour period. This may be due to the higher demand required for
cooling down a warm loopr building, or it may be some other anomaly in the controls, etc. A
morning spike as shown is not abnormal, followed by a decline through themarding period.
However, an afternoon spikasowould be expected for a buildirgith a high afternoon cooling
load (like Montgomery, Alabama), but the data does now show this.

1 The weekengberiod shows what would be expected for a typical morning dogn with an
afternoon spike, before shutting down in the early evening. Thesepalatamay indicate extreme
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over-cooling of the building during weekday morning periods. This should be evaluated for further
improvement potential if this operation is occurring without merit.

D. WAYSTO FURTHER IR CHILLER PLANRRERMANCE

Methodsto improve chiller plan performancdjscussedbelow, arerelative to observations made of the

Frank M. Johnson Jr. Federal Building and U.S. Courtlebilke plant These methodslsoshould be

considered relative to other chilled water plant operatiomigh similar design (watecooled chillers using
cooling towers) applications. The efficiency of a chiller plantis a relative function of three primary variables:

1 Cooling tower leaving water temperatursetpointreset The optimal cooling tower water
temperature to the chillers is a function of the outdoor aiet-bulbtemperature (OAWBTyhichis
often overlooked in the automatic control sequences. As OAWBT increases, the cooling towers
must work harder to maintain the desirexhtering condenser wateetmperature ECWTsetpoint
Due to chiller designs and the need to maintain a maximum compressor lift (delta between entering
condenser water and leaving chilled water temperatures), the cooling tower fans will run at
maximum capacitywhen required. Tlsis seeninthe warmer/humid summer days. However,
during cooler/dryer conditions, as the OAWBT values decrease, the cooling towers can be
automatically managedf/resetingthe ECW$etpoint) to run more efficiently. In some cases, the
OAWBT is suffiently low to allow for an automatisetpointreset that drives the ECWT even lower,
without incurring higher costs (increased tower fan powenaltieg that exceed the savings at the
chiller compressor. Unfortunately, this improvement opportunity igofoverlooked.

1 Chilledwater supply temperaturesetpointreset When valuesre set too low for the actual load
requirements theover-cooling of chilled water impacts the chilled water plant (increased tower
loading, greater refrigerant lift requirementsr the compressor motorsnd greater potential for
zone/space ovecrooling, resulting in excess reheating and occupant complaiittomated resets
should take into account true load conditions that reflect demand and help optimize chiller lift. It
alsois imperative that humidity sensors are accurately calibrated and maintained. If not done
correctly, this strategy can transfer energy to AHU fans across the building.

1 Improved OptimaEquipment RuntimeEquipment rurtime is often based upon automatic
scheduling for daily load requirements, automatic overridesitbackequirementsand finally,
operator override based upon perceived need or Idadyhichthe BAS control did not adequately
respond omwas not allowed the opportunity to respond. When chiller plantsrarebeyond their
“expected” hours of operati ons, -incaasseed GIc e“npaerri!
this also results in system inefficiencies and additional enesggumption, increased weand-
tear, and shortettifespanf critical and expensive equipme@ntrol optimizationsystem s
controlsequences are designed to mitigate chiller and pump shgeting. The minimum rutime
values provided in the update@ntrol sequences may be helping to decrease equipment short
cycling, but theyalsocould be creating added efficiency losses by running pumps longer than
needed orrequired (pumping systems were observed to be running when no lapdasent
beforethe bulding occupancy period beginslongafteritends). All the pumps and tower fans are
VFDdriven and VFDs offer sedtart capabilities, which should lessen impacts due to frequent
cycling of pumpsMinimumrun-time values should be evaluated for podsiteduction.

Control Optimization System f@hillerPlantsAssessment Page3l



COOLING TOWER LEAYINATER TEMPERATUWHHPOINRESET

In general, lowering the ECWT will reduce the refrigerant head pressure, thereby reducing the load on the
compressor and raising the COP (Thumann 1991). The potential improve mentisd&pendent on the

type of refrigeration compressor. Further, the type of refrigeration compressor and type of load control
mechanism will limit the extent that this strategy can be employed. For conventional centrifugal chillers,
Thumann (1991, p 15Bestimates the increase in COP to be around 0.4% per 1°F reductioninthe ECWT.

Cooling tower equipment designs and level of maintenaisewill impact the strategy that can be used to
achieve an opti mal ECWT. T h e attoeability to gptirhize the ECWS d
seen by the chillers. The design approach i s t
evaporative cooling capacity, which can be as mucifBd&F This means that OAWBT values of 70°F will
resultinECWT values of 78°F to 80°F. The design approach assumes that the tower cells, spragmdzzles
other flow devices are properly maintained along with good water treatment and filtration.

e
h €

During periods of low OAWBT conditions (&p5the controls shold be configured to take advantage
automaticallyof the opportunity to provide lower ECWT. Manufacturer specifications should be reviewed
before employing this strategy. Lowering the ECWT too much may have adverse effects on the compressor
operation withregard to head pressure and surging in certain makes and models of centrifugal compressors.
The chiller manufacturer can assist in determining thedof@nd upper) limit forthe ECWT. Tryingto

maintain a bwer condensing wiar temperature can be achiewgor at least attempted), but this may come

at the expense of higher tower fan speeds and increased tower fan energy consumplisne€ds to be
balanced with savings that can be achieved at the chiller equipment, based upon consultation with the
chiler vendor’s recommendati ons.

88 Based on constant condenser pumping. Variable condenser pumping can increase chiller efiiéacy 1
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Figure 9. Postnstallation monitored condenseswater temperature versusoutdoor air
temperature.
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Theorange dashed linshown in Figure Bhdicateshe minimumcooling tower leaving water temperature
setpoint(assumed) as the condenser water leaving temperatGrel{{ BST/purple ling hovers near this
value, even during cooler OA dpoulb (OATEMP/red ling conditions.

The orange box in Figure 9 indicatls optimumoutdoor airtemperature (OAT) value that wadibllow for
minimumtemperaturesetpointfor the cooling tower leaving watdif areset were implemented). This
would typically be during the months of Octobépril. Conversely, if thECWTs not reset, based upon the
dynamic OAWBT values, the towant may be forced to operate at full speeds, with no benefit relative to
the actual achievablsetpoint(not being reset upwards as the OAWBT value concurrently increesssen
inthe MaySeptember time frame).

The Frank M. Johnsdmildingsdo not haveanOAWBTEensor, but the value can be calculated from their
outdoor temperature and outdoor humidity sensors (as shown in Figure 10).
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Figure D. Postinstallation monitoredcondensemwater supply temperatureversusoutdoor air wet bulb
temperature.
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Presently, the chiller plant wittontrol optimizationis achieving a 65°F minimum temperature value, as
illustrated in Figure 10. Occasionally, the condenser water temperéteiddine) can be seen dropping
below 65°F (as low as 60°F).

However, at loverwet-bulbtemperatures and lower cooling loadee ECWT exhibits a large variance and
deviates from the 65°F temperature, as indicated by the calcul@awBTblue line) compared to the
assumed cooling tower leaving water temperatgegtpoint(solidgreer) inFigurelO. It may be possible to
further reduce the ECWT. As mentioned previously, the chiller manufacturer should be consulted to
determine the allowable low limit before this possible improvementis pursued.

Basednthe trended condenser watdemperature performance, theetpointover theeightmonths of
monitored operations is assumed to be neatl5 Only during the March pii@stallation simulation testing
did the condenser ECWT drop belowB0 This was assumed to ocbercause ofhe smulated 100% tower
fan speeds, but may have been caused by other configurgioameterghat existed in thecontrolsprior

to the optimization technologynstallation.

Overcooled condenser water temperatures can lead to chiller surging and other uegamomaliesOne

of the benefits otontrol optimizationis the ability taun cold condenser watdéemperatureswhile
maintaining chiller lift, thus avoiding chiller surgiBbmring warmer weather, the delta between the OAWBT
and the condenser supply tgmerature is between®-8°F, which indicates an appropriate cooling tower
system approach design.
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Figure 11 shows the fan power for thieree cooling tower VFRIriven fans and peak power is noted as
approximately20 kWper cooling tower fanWhenOAWBT Vaes arepredominantlyless than 68F(Black

Box), the cooling tower fan kW consumptiorefl, greenandpurple lines) indicatslower values and less
frequentin duration.WhenOAWBT values apedominantlybetween 60°F and 70°F{ ), the
valuesncreaseas well as the duration. Once the OAWBT values are consistently greater than 70°F (Light
Blue Box, June through August), the cooling tower fans all appear to be runninginedtaneously and

near their maximum load values.

Figure 1. Postinstallation monitoredcooling tower fan power demandersusOAWBT
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It is assumed that if theooling tower leaving water temperatusetpointwere configured to increase
automaticallyaccording to theDAWBTthis would better match the tower fan eneggonsumption to the
tower’'s design capabilities (versus running tower
expended to meet aetpointthat is physically not attainable).

With VFDoperated tower fans and staged towers (via individual tower isolation valves), the ability to match
part-load tower capacity should be evaluated (cooling tower leaving water temperattmintreset). The
O&M staff orsite should evaluate theooling tower BAS aontrol optimizationsystemcontrols for an
automatic reset of the leaving water temperatusetpoint

CHILLE®WATER SUPPIEMPERATURIETPOINRESET

Another method to improve chiller plant performanceaasncreasehe chilledwater supply temperature
(chWwSTdluring lowload conditions. Raising the chilledater supply temperature will allow the evaporator
refrigerant pressure to be increased, thereby reducing the load on the compressor and raising the COP
(Thumanrl991). The potential improvementin COP is dependent on the type of refrigeration compressor.
Further, the type of refrigeration compressor and load control will limit the extent this strategy can be
employed. For conventional centrifugal chillers, Thumg@i891, p 155) estimates the increase in COP to be
around 2% per 1°F increase in the chit\sater supply temperature.
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The primary concern with increasing the chiledter temperature is the potential reduction in the ability

to dehumidify. Under desigroaditions, chilledwater supply temperatures are ke pt excessively lowto allow
the cooling coiélsoto act as a dehumidifier by lowering the air temperature to the point where moisture
condenses out of the air stream. However, when air does not need tiehamidified, there should be a
lower demand for excessively low chiltaciter temperatures. These lower demand conditiatsoshould
existduringcool spring and fall month(svinter/heating).

As can be seenin Figure 12, the monitored period of chilkee r supply temperatures indicates that the
chiller plant was producing approximately 4243°F chilled water temperatures. As already noted, these
temperaturesobservedn the January to the Aprir May time frame appear to be too cold. An automatic
chilled water supply temperature setpoint reset is highly encouraged.

Figure 2. Postinstallation monitoredchilled water supply temperature.
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VI.Summary Findings and Conclusions

The summary findings and conclusions are discussed below, includingatifan on best practices to assist
in optimizing chiller plants. The barriers to technology adoption and market potehsiahre discussed.
Finally, his section provides recommendatiorgarding theuture installation of the technology and the
importance of a measured baseline

A. OVERALL TECHNOLOGSHESSMENT AT THE ONMTRATION FACILITY

The application of theontroloptimizationsyste mechnologyoffers the potential for reducing energy
consumption in space cooling applications by optimizing variapézd chiller plant equipment (primarily
pumps), leading to increased chiller plant efficiency. In general, the operating efficiency of a typeral wat
cooled chiller plant with th@ewcontrol technologys estimated by the vendor to be around 0.6 kW/ton,
resulting in an average annual energy reduction between 25% and 50%. Factors impacting the actual
performance include climate zone, building typeurs of occupangyand other partload impacts.

The average chiller plant efficiency throughout this demonstration was 0.64 k\\iidma projected
annual energy savings of 35%. Due to the limited data set from the brief Manual Mode period, the
projected savings has a confidence level of 80%, resulting in a total uncertainty)of@:8%. This means
the projected savings could be as low as 24.2% or as high as 46.8%.

On a weathemnormalized basis, the resulting analysis estimategidt@ pointwill reduce the chiller plant
energy consumption from a projected baseline value of 1,495.96 MWh/yr to a projected value of 972.51
MWh/yr, with an energy savings of 523.44 MWh/gr 35% overthe projected baseline.

The annualized cost savings are projected t@4&485. With the level of uncertainty already noted, the
annualized cost savings varies from $28,962 to $56,009. Based on the performance data collected and
evaluated from thé=rank M. Johnson Jr. Federal Building and U.S. Courtldeusenstration control
optimizationis projected to be capable of achieviitgperformance claims.

It is recommended that the energy and cost savings associated witethaologybe evaluated for
variable-speed chiller plants that already have the required VFDs instéfiecg by reducing the total

installed costsgndbecoming economically more viable). However, the potential energy savings for variable
speed chiller plantsis likely to be lower tHamthe constantspeed chiller plant evaluated in this
demonstrationbecusedtis expected that most BAS configurations applied to chiller plants will have some
energysaving attributesé.g.,temperatureandpressure resed) already embedded.

Based on the economic assessment for this demonstration, the targeted deploynteetadntrol
optimizationis recommendednlywhere a sitespecific engineering analysis determines that the
technology is likely to be lifeycle cost effective. Specific guidance for targeted deployment of this
technology is provideth Section VI.D.

Ths demonstration’ s pr oj emgedtheseto 5§% repoded savirggsranges
so itis unlikely that additional energy savings alone will make this technologeffestive. However,
controloptimizationshould be evaluated father locations where energy rates are high and installed costs
can be reducerwhereutility rebatescan beobtained to help further reduce the overallinstalled costs. In
addition, the deployment of the technology for varialdpeed chiller plants, wbh would not require the
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costly VFD upgrades, should be evaluated fordifele costeffectiveness (with théurtherassumption that
the variable speed chiller plants are already enjoying signifeaatgy andostsavingsthereby impacting
the economgs).

B. BEST PRACTICES

IMPROVED LOOP DEATA

A chiller plant needs to be capabl e of meeting ¢ttt
under partload conditions. A chiller plant witbontrol optimizationoffers excellent padoad efficiercy

because of the integration of VFDs into the optimized pump and cooling tower fan operations. One means

of measuring partoad efficiency is to evaluate the different pumping |ddglta Tvalues.

DeltaT has beenthe subjectof muchdiscussionifHié AC i ndust 7y . syhidowmBel t a
particular, is an undesirable condition that afflicts many chilled water plants, for many reasons.

The chiller plantisingcontrol optimizationin this studyshowedDelta Tvalues that ranged from 8%FL8°F.
Thechilled water looDelta Tvalues (primary and secondary) were consistently found to be operating
above 10°F, even during pddad (and lowload) conditions. This is significdngcauset indicates the
chillerequipmentsseeing a good load and openagj in arangethat most likely offers the greatest
efficiency performance for the chiller(s). Itis notuncommon to find chiller plants across the country
operating withDelta Tvalues that are less than 5°F.

In addition, while the chiller plant with theewcontrol optimizationtechnologywas highly efficient at part
load, there is still room for additional improvement, and some of the best practices discussed below may

apply.

DASHBOARD FEEDBACK

In general, BASs provide an optional dashboard that is dapdlproviding considerable feedback to the
operator on the equi p me Rdclitiess Smpards fotthe RPuplic BuwldingsiSeniice n s .
(P100) specifies that new chillers must provide input/output (kW/ton) information, as well as mowjtor

energy consumption (GSA 2010).

The BAS systeinthe chiller plant evaluated in this stugbyovides such an interface for displaying chiller

plant performance in kW/ton. However, itis recommended that the dashboard be programmed to include
trendingthe kW/ton versus plant load to provide loxigrm performance feedback. This will require minimal
effotband no hardware procurements are requi rvater. Tr e
pumps, condensewater pumpsand cooling tower fas would provide usefulinsight regarding the

performance of the equipment relative to the entire chiller plant. Trending (and alarmingDetip T

values that persist below lower limit values (<3#-) will alert operations staff to unwanted and harinfu
anomalies. This information will allow operators to better optimize the chiller plant operation, configure

al ar ms -of-mar Mmalut operati ons ( PeltaTssuasyorhbe bleatedtoow c hi | |
unwanted equipment configurations where a®riven pump is placed in Manulslode operations at the

VFD, resulting in lack of control from the BAS. This actually occurred at the demonstration site and ran the
pump 24/7 for ovethreeweeks. The historical data was being reviewed when this camditas found and
restored to normal.
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GSA has investediits owndashboard of sorts. This technology is called GSALink and is part of the
IntelligentBuildings initiative. Sites like the Frank M. Johnson Federal Building@@burthouse should

be evduated for possible inclusion into the GSALink system (if not already included). This would provide for
automatic fault detection and analysis of not only the chilled water plant (anddmérol optimization
systemtechnology), butlso ofall the othemajor building HVAC systems.

C. BARRIERSANDENABLERS TADOPTION
The most recognized barriers to this technology include cost, familiarity, trgianagprocure ment
specification issues. Tlwentrol optimizationsystenrequires VFDs on all chiller plant equipment for
upgrading constanspeed chiller plantsa requirement thatmay be costly. Some older motors that serve
pumps or tower fans may not be able to accept VFD technology, which may limit the applicatiomefthe
optimizationtechnologywhenprocuring newer motorss not possibleBecause the technology is modular,
it can be installed on parts of the chiller plant, such as the condematar distribution system.

Conventional constarspeed chillerplantoperatos ar e | i kely to be resistan-
operating approach associated withis newtechnologyand, therefore, training will be crucial to the

success of this technol ogy’ s acdanpoloptimizationsa@®p er at or ¢
energy so that theyfundamentally understand why operating variatdpeed pumps and variabkpeed

tower fans at part load is more efficient than at full load.

Procurement and specification issues may still be a potential barrier to widespread deplioyiinen
optimizationtechnologyis offered byonlyonevendor, whoalso happens to own and distribuites own BAS
system. Itis notclear if more competititnom other vendorswill be forthcoming in the futureThe vendor
whosetechnologywas used in thistudy claimshatits controloptimization systemvill interface with
almost any other BAS vendor system. In many cases, an integration patkagerequired to allowthe
optimizationtechnologyto communicate with (integrate to) neSiemen8AS systes1To date,control
optimization has been installed at 2&deral stes—with two sites using Tridium controls aodgesite using
JCI controls.

D. MARKET POTENTIAL WINTHEGSA PORTFOLIO

Thecontrol optimizationtechnologyclaims to be capablef integrating into almost any centrifugal chiller

plant that utilizes multiple chillers. While this analysis did not concern itself with this claim (see BARRIERS
above), this technology is suitable for new construction and retrofit applications aliketethinology lends
itself particularly well to retrofit applications because upgrading an existing chiller plant to include the
control software and VFDs can be accomplished without waiting for the current equipment to fail or be
replaced.

GSA sites witbhiller plant operating efficiency problems, ldead problemsrlow DeltaT syndrome
problemsshould all be screeneaditiallyfor possiblaiseof this technology.
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This technology is recommended for potential deployment for locations that medtil@vingguidelines:
T Electricity rates ($/ kWh) in the top 50% of G
BACrt-enabled BAS (versions more than five years old will require additional programming)
Cooling season or process loads that require chillers toaipe¥10 monthsa yearor longer
Buildings hawig cooling loads greater th&®0 ton-hours/day, 3 million tons peryear

New construction fadities that meet above criterid

=A = =2 =4 =4

Existing central plants witihiree or more constanispeed centrifugal chiller flosystems
(primary/secondary pumps, condenser pumps and cooling tower fans)

In addition, deployment ofontrol optimizationat locations with the followingharacteristicarenotlikely
to becosteffectve:

1 Electricity rates ($/kWh) in the bottom50%GfS A’ s port f ol i o

1 The coolingeason requires chiller to operasexmonths or less based ortypical meteorological
year(TMY)

Insufficient resources are available to identify the number of ef$¢ctive candidates throughout GS/As
portfolio of buildings. Itis recommended thabntrol optimizationbe part ofa recommendeduite of
possible chiller technologies for consideration during facility energy assessments, which are required by EISA

for every covered GSA facility every four yég(&ISA 2007).

Itis estimated that the market potential within GSA for the application of chiller plantstivgthew
optimizationtechnologycould reduce annual energy consumption by around 281,275 MMBTU. Based on
GSA' s average utility pricing, this equates to ar

following assumptions:

9 Prior to installing the technology,detailed sitespecific engineering analysis is recommended, which should include a monitorechdésethe
existing chiller plant, aswellaseasd nt egr ati on i nto the site’s BAS.

10This assessmentwas not intended to determirtéfstudied optimizatiortechnologywould be coseffective for new variablspeed chiller
plants. It is recommendechit variablespeed chiller plants be evaluated using a detailed engineering analysis, including a monitored baseline.

11EISAsection 432 requires agencies to identify their facilities that constitute at least 75% of the agency's facility enertppusiereed to as
“coveredfaciites and compl ete comprehensi ve energy and water eval uéations o
facility is completed at least once every fouryears (Reference: FEMP web site at http:/@ewé&nergy.gov/femp/regulations/eisa.html).
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1 GSA Chille@ater Consumptior-803,643 MMBTW10,045,532 total GSA energy use (EUAS, 02/16);
10% for Cooling (CBECS 2012) 80% for Chillers (chillers provide majority of conditioning for buildings
> 200,000 f, EIA 2003)

1 Chiler plants usinghe demongrated control optimizationsystemechnologycan reduce space
cooling energy consumption by an estimated 35% compared to constpeed chiller plants
(consistent with the findings in this report).

1 GSA average electricity pric8.1092 kwWh, EAUS FY2015

E. RECOMMENDATIONS HARTALLATION, COMIBIONING, TRAININGND CHANGE MANAGENIE
As for any newontroloptimizationtechnology itis recommended that measurement and verification of
performance be tracked to ensure energy savings and operational claims are met and maintaine
continually. Attention should be paid to ensure the appropriate sequencing of equipment is occurring and
that the sequence is optimized based on the particular profile of the chiller plant. A convenient dashboard is
typically provided in conjunction witthis technologythe dashboard isapable of longerm trending and
performance tracking to meet this need. Since this control technology relies on sensor measurements as
input for controlling the operation of the chiller plant, itis recommended thats®s be checked for
calibration annually.

The capabilities of the technology (including chilleater reset, condensewater reset and maximized part
load efficiency) need to be utilized to their full extent at each site to ensure optimum energy savings are
attained.
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Generally speaking, equipmdifie tends to be related more to load hours than operating hours. In other
words, equipment life depends more on how hard the equipment works, as compared to how long it runs.
Therefore, although the application of tloptimizationtechnologywill increae the operating hours for the
chiller plant equipment, the load hours on the individual equipment may be decreased due to reduced
speed operation of pumps and tower fan®ntrol optimizationtechnologyrequires VFDs, which in general
reduce wear assodiad with equipment starup.

Therefore, the O&M costs associated with deployingriee optimizatiortechnologyare not expected to
increase. However, equipment should be monitored periodically for unexpected degradation in
performance. Also, ongoing O&Msts should be tracked and periodically compared to historic records.

F. IMPORTANCEF BASELINE MEASMERT AND DOCUMENTAN

Thecontrol optimizationtechnologywas installed prior to this demonstration. Therefore, a monitored

baseline was not available. Brito the installation of the technology, baseline estimated data for the
constantspeed chillerplantwasestimatby t he vendor, based upon a sna
performance andte v e nirdeonal madeling software.

The lack of a reliable and arate monitored baseline required the development of a baseline that may vary
from the realworld baseline performance, as aresult of the multiple technical assumptidrish may or

may not be completely accurate or valid. Itis recommended that futwedueations include a monitored
baseline, sufficient in duratiolo characterizeoroperly and fully the energy performance profile of the
system under examination, thus providing a more reliable basis for comparison and more accurately
determiningenergy aml cost savings estimates.

Investing in amore accurate baseline (preferably developed by an independent source) likely would have
supported a better conclusion regarding the potential eeffectiveness of this technology. The simulated
peakpower baselingleveloped for the assessment of tbptimizationtechnologydoes not likely accurately
represent the true baseline performance profile of the chiller plant prior to the installation of the
technology The error associated with this baseline cannot be eately determined.
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VIl.Appendices

A. LIST OF ABBREVIATEOANND SYMBOLS
Thefollowingis alist of abbreviations and symbols used throughout this report.

Term

AHRI
A, amp
ANSI
ASHRAE
ARRA
BAS
Btu
Btu/h
CBECS
CFM
CH
CHW
CHP
ChwsST
COP

G

CWP
DEER
DOD
DOE
ECIP
ECWT
EIA
EISA
FEMP
gal
GPG
gpm, GPM
GSA

h, hr
hp, Hp

Description

Air Conditioning, Heating and Refrigeration Institute
ampere (electricurrent)

American National Standards Institute

American Society of Heating, Refrigerating, and Air Conditioning Engineers
American Recovery and Reinvestment Act of 2009
building automation system

British thermal unit

British thermal units per hour

Commercial Buildings Energy Consumption Survey
cubic feet per minute

Chiller

Chilled water

chilledwater pump

chilled water supply temperature

coefficient of performance, a unitless measureédficiency
specific volume, Btu/lbrtF

condensefwater pump

Database for Energgfficient Resources

Department of Defense

U.S. Department of Energy

Energy Conservation Investment Program

entering condensewater temperature

U.S. Energy Information Agency

Energy Independence and Security Act of 2007
U.S. DOE Federal Energy Management Program
gallon

Green Proving Ground

gallons per minute

U.S. Gener&@ervices Administration

hour

horsepower
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Term
HVAC
Ib, Ibs
Ibm

kw
kWh
kW/ton
LCC
MWh
M&V
N/A
NO
NPV
OAWBT
o&M
PNNL
q

Qn

Qeool

QOI’]S
RPM

SIR
T™Y
TMY3
Trety Treturn

Tsupa Tsupply
VFD

yr

o

Description

heating, ventilating, and air conditioning

pounds
pound mass

kilowatt
kilowatt-hour

power input per capacity, an inverse efficacy measure

life-cycle cost

megawatthour

measurement and verification
not applicable

normally-open

net-present value

outdoor airwet-bulbtemperature
operations and maintenance
Pacific Northwest National Laboratory
volumetric flow rate, gpm

input power, in Btu/h

cooling energy rate, in Btu/h
cooling energy rate, in tons
revolution per minute
savingsto-investment ratio
typical meteorological year

a third update of TMY data for 1020 locations based on fiata 1991 to 2005

return temperature
supply temperature
variablefrequency drive
year

degree
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C. GLOSSARY

The following is a glossary of advanced terminology in support of this report.

Terminology

Affinity laws

Air-cooled chiller

Air-handling unit

Annud load
profile

Baseline

Bin data

Building
automation
system (BAS)

Capacity

Central chiller
plant

Centrifugal
compressor

Chilledwater
pumps

Chilledwater
return
temperature

Chilledwater

supply
temperature

Description

A set of three matematical equations that define the relationship betwee
rotational speed, flowrate, pressure rise, and brake horsepower for
centrifugal systems.

A refrigerating machine in which heat removal is accasmgd entirely by
heat absorption by air flowing over condensing heat exchanger surface:
(condenseris air cooled).

A device used to condition and circulate air as part of a heating, ventilat
and airconditioning (HVAC) system

A measure of the time distribution of thermal or other energy loads, sucl
Btu/h, for a system over the course of a year.

Typically referring to an energy profile, model and/or characteristics bef
changes have been made to a system for the purpose of modeling the
original operating condition, derived from measurements are taken over
period of time and used as a basis éomparison to one of more options o
alternatives.

A data preprocessing technique used to reduce observation errors.

A computerized network of electronic devices designed to monitor and
control the mechanicaklectronics, and lighting systems in a building.

Intended technical fulload (a.k.a., maximum) sustained output of a facilit
system, or device. Typically quantified as a power rating or rate of ener
transfer. May also be known as namepla#pacity, rated capacity, nomine
capacity, or installed capacity.

A single or common chilledater facility consisting of one or more chillers
used to serve one or more facilities.

A dynamic (onon-positive-displacement) compressor that uses rotationa
(centrifugal) forces to raise pressure in the refrigerant system.

Pump and motor system used to circulate chilled water for space or prot
cooling distribution systems.

The temperature of the chilled water entering the evaporator or returnini
from the facility distribution system.

The temperature of the chilled water leaving the evaporator or being
supplied to the facility distribution system.
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Terminology

Chilledwater
temperature
reset

Chiller

Climate zone

Coefficient of
Performance
(COP)

Commission
(commissioning
process)

Condenser

Condenser
water
temperature

Condenser
water
temperature
reset

Condensing coil

Condensr-
water pump

Constant speed

Constant volume

(pumping
system)

Coolng-degree
day

Cooling tower

Description

An operating strategy in which the chilled water supply temperature
setpointis varied in response to a control signal or varying sensor input.

A machine that removes heat fmoa liquid via a vapecompression or
absorption refrigeration cycle.

A region with similar weather characteristics.

The ratio of the heating or cooling provided divided by the electrical ene
consumed, aa unitless measure. The COP provides a metric of perform
for heat pumps that is analogous to thermal efficiency for power cycles.

A quality focused process for enhancing the delivery of a project. The
procesdocuses upon verifying and documenting that the facility and all «
its systems and assemblies are planned, designed, installed, tested,
operated, and maintained to meet the Owner's Project Requirements.

The part of a refrigerant system wherefrigerant is liquefied by removal o
heat through use of a heat sink.

The temperature of the water departing the cooling tower and/or eirgr
the water-cooled condenser.

An operating strategy in which the condenseater temperaturesetpointis
varied in response to a control signal or varying sensor input.

A heat exchangerin which the refrigerant rejects heat to the pointwhere
the refrigerant condensesom vapor to liquid.

Motor-driven pump used to circulate water through the condensing syst

A motor system in which the motor's rotational speed remains (relatively
constant-may be applied to a pump, fan ohiller.

A pumping system in which the pump speed remains (relatively) consta

The difference in temperature between the outdoor mean temperature
over a 24hour period and ayiven base temperaturé&or cooing degree
days, includes data when timeean daily temperature is abovke given
base temperature. Unless otherwise noted, the base temperature is
typically 65°F.

A heatremoval device used to transfer (reject) heat to the atmosphé
the evaporation (mass transfer) of water.
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Terminology

Coolingtower-
water
temperature
reset

Current
transformer

Dashboard

Design
conditions

Designload

Dewpoint

Dry-bulb
temperature

Economizer
(HVAC)

Efficiency

Energyefficiency
ratio (EER)

Energyuse
intensity (EUI)

Entering water
temperature

Fan coil unit

Full load

Grain (of
moisture)

Description

An operating strategy in which the condenseater temperature (water
temperature returning from the cooling towesgtpointis varied in
response to a control signal or varying sensor input.

Sensor used to measure the electric currentin a wire

A display capable of providing operational data or information on a syste
or unit of equipment eithem real time or near real time.

Specified environmental conditions, such as temperature and humidity,
required to be produced and maintained by a system.

The thermal load expected to occur under design conditions.

The temperature below which the water vapor in a volume of humid air ¢
constant barometric pressure will condense into liquid water.

The temperature of airmeasured by a thermometer freely exposed to th
air but shielded frommadiation and moisture. Depulb temperature is the
temperature that is usually thought of as air temperature.

A duct and damper arrangement and automatic control system that
together allow a cooling system to supply outdoor air to reeor eliminate
the need for mechanical cooling during mild or cold weather.

Typically energy output divided by energy input, but may also be define
useful energy output divided by consumed energy input.

Aratio of the netrefrigerating capacity in Btu/h to the power input value
Watts at a given set of rating conditions, expressed in Btu/(h - W).

A metric determined as energy consumed within an facility divided by th
gross sqare foot of the facility, expressed as BtuAy2.

The temperature of water, or heat transfer fluid, entering the device or
equipment.

A small aithandling unit consisting of a heating and/or cooling coil anaha
used to serve asingle space (control zone) without a ducted air distribu
system. The coils are typically designed for use with heated or chilled w
and used to condition air recirculated within the space.

The nominal peak load thatmece of equipmentis designed to carry unde
design conditions.

A unit of measure of water vapor; 7,000 grains of moisture per pound of
water.
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Terminology

Heatingdegree
day

Heattransfer
fluid

Humidity ratio

Impeller

Integrated
energy-efficiency
ratio (IEER)

Integrated part

load value (IPLV

Interval data
Kilowatt
Kilowatthour

latent heat
energy

Leastsquares
regression
Leaving water
temperature
Life-cycle cost

Load factor

Meter

Description

The difference in temperature between the outdoor mean temperature
over a 24hour period and a given base temperature. For heating degree
days, includes data when the mean daily temperature is below the givel
base temperature. Unless otherwise noted, the base temperature is
typically 65°F.

A fluid, such as water or wataylycol solution) used to transfer heat from
the heat source (equipment) to the heat sink (load).

A measure of the absolute humidity in moist air, expressed as the mass
water contained per mass unit of dayr.

The device inside a pump or fan used to increase pressure, and thereb
induce flow, when in rotation.

A partiatload efficiency measure, calculated with the sum of weighting
factors applied to teted efficiencies at four part load conditions: (EER at
25%) X 0.125 + (EER at 50%) X 0.238 + (EER at 75%) X 0.617 + EER
0.02.

A singlenumber metric based on patbad EER, COP, or kW/ton expressi
part-loadefficiency for aiconditioning and heat pump equipment on the
basis of weighted operation at specificincrements of load capacities for
equipment. Typically used for ARI rating purposes

Data collected with a uniform time period.

An electric power term, meaning a rate of electric energy consumption.
An electricenergy term, equal to 3412 Btu and 1,000 vhatrs.

Heat exchanged by a thermodynamic body based on a phase change, <
as wate condensing into liquid or liquid evaporating into vapor.

A statistical model that relates the dependenigyis) to the independent{x
axis) variable by minimizing the summed square of the difference betwe
the observed xy data and the regression.

The temperature of the water, or la transfer fluid, leaving the device or
equipment.

The total discounted dollar costs of owning, operating, maintaining, and
disposing of a building or building system over the study period.

Actual load or average loailvided by full load, typically expressed as a
percentage of full or desigfullload.

A sensor used for measurement.
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Terminology

Mixed-humid
climate

Monitoring
system

Net-present
value

Nomind
(capacity)

Non-standard
part-load value
(NPLV)

Occupied
(period)
Original
Equipment
Manufacturer
(OEM)

Plenum

Positive
displacement
compressor

Postinstallation
(period)

Power

Description

As defined by the U.S. DOEgegion that receives more than 20 inches (5(
cm) of annual precipitation, has ppximately 5,400 heating degree days
(65°F basis) or fewer, and where the average monthly outdoor tempera
drops below 45°F (7°C) during the winter months.

A computeror electroniebased device that observes or displays, but doe
not necessarily record, the results of input signals from meters and/or
sensors.

The difference in lifeycle cost analysis of two project alternatives.

The capacity reported by the manufacturer for a specified device under
general conditions or recorded and reported by a given test.

A seasonal average efficiency measure using kW/ton with measuremer
taken at nonstandard conditions outside air temperature, also outdoor a
temperature.

A period in which a facility is typically occupied as a result of the normal
business process.

Refers to the company that originally manufactured the finished product
Also refers to a company that may purchase for use in its own products
component made by a second company.

Accordingo ASHRAE, a compartment or chamber to which one or more
ducts are connected, that forms a part of the air distribution system, anc
that is not used for occupancy or storage. A plenum oftenis formedin p
or in total by portions of the building. An @ompartmentthatis attached
to, or is an integral part of, a forceair furnace, which is designed to eithe
distribute the heated air after it leaves the heat exchanger in the case of
supply plenum or collects air that enters the returninlet in theeaf a
return plenum. A componentforming an interface between a ductwork a
one or more air terminal devices; by virtue of its design or by the inclusi
of accessories, it can also be used to equalize the pressure/velocity acr
the air terminal devie.

A compressor type that raises the pressure of a gas by trapping a fixed
amount (volume) and forcing (displacing) that trapped volume into the
discharge.

A period of time after a change the system, typically compared or in
contrast to a baseline period.

The rate at which energy is transferred, used, or transformed; also the r
at which this work is performed. Power is determined as energy divided
time.
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Terminology

Power Input per
Capady

Primary
distribution
system

Primaryboost
distribution
system

Primary
secondary
distribution
system

Qualified
engineer

Rate tariff

Reciprocating
compressor

Refrigerant head
pressure

Replaceat-end-
of-life

Retrofit

Rooftop unit

Rotaryscrew
compressor

Description

The ratio of the power input supplied to the unitin kilowatts [kW], to the
net refrigerating capacity in tons refrigeration at any given set of rating
conditions, expressed in kW/ton

A chilled or hot-water distribution system in which the circulation flow
through the facility is coupled with the circulation flow through the chile:
water or hotwater generators.

A (water) distribution system in whianultiple circulation pumps may be
installed in series.

A chilled or hot-water distribution system in which the circulation flow
through the facility is decoupled from the circulation flow through the
chilled-water or hot-water generators.

A sufficiently trained and experienced engineer; may also include
certification from an accredited professional organization or registered ¢
licensed professional engineer through a state regulasggncy.

The schedule of charges and fees charged by a provider of energy serv
such as a utility.

A positivedisplacement compressor that uses pistons to raise the pressi
of a gas or vapor.

The pressure of a refrigerant system, typically at the discharge of the
compressor.

Used in lifecycle cost analysis as areplacement alternative when the
existing equipment is at the end of its useful life, so replacement in not
optional. This option may also be called replacefailure. This type of life
cycle cost analysis is equivalé¢o the new construction analysis.

Used in lifecycle cost analysis as areplacement alternative when the
existing equipment has considerable useful life remaining, so replacem
optional.

A packaged HVAC system designdstonounted on the roof.

A positivedisplacement compressor type that uses a rotating mechanisr
one or more screws to raise pressure of a vapor or gas.
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Terminology

Scroll
compressor

Sensible heat
energy

Sensor

Sequencing

Service life

Simple payback

Soft start

Specific heat (of
water)

Splitsystem

Temperature bin

Testing standard

Description

A positivedisplacement compressor type that uses timterleaving scrolls
to raise pressure of a vapor or gas. One of the scrolls may be fixed, whi
other orbits eccentrically without rotating, thereby trapping and
compressing pockets of fluid between the scrolls. Another method for
producing the comprssion motion is caotating the scrolls, in synchronou
motion, but with offset centers of rotation. The relative motion is the san
as if one were orbiting.

Heat exchanged by athermodynamic system based solely on a change
temperature.

A device that measures a physical quantity and converts itinto a signal
which can be read by an observer or electronicinstrument or system.

The stratgyy that defines how equipment will operate, such as loading ar
unloading and when a piece of equipment is pléoe line and taken off
line.

The expected usable or economiclife (years) expected from a piece of
equipment or system. The period of time over which a system continues
generate benefits.

The time in which an investmentis recovered, or repaid, through the
accumulaion of savings, determined as installed cost divided by savings
however, the result must be less than or equal to the service life of the
project.

A method used with electric motors to temporarily reduce the load and
torque in the powertrairof the motor during startup. Normal start up
process is extended from less than a second to several seconds for the
purpose of reducing the stress than may occur during the starting proce

Heat capacity per unit of mass. For water, the specific heatis 1 Bteflom

A packaged HVAC system consisting of two primary components; and il
system for delivering heating, cooling and ventilation to the control zone
and an outdoosystem for heat rejection.

An interval range of temperature data used for energy analysis.

Common and repeated use of rules, conditions, guidelines or characteri
for products, equipment or systems; methods of measuring capacity, or
other aspects of operation, of a specific unit or system of a given class ¢
equipment, together with a spediation of instrumentation, procedure, an
calculations, typically set forth by a professional technical association.
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Terminology

Thermal cooling
load

Thermal
efficiency

Thermal shock

Ton (cooling)

Trendline

Turn-down ratio

Typical
meteorological
year (TMY)

Ultrasonic flow
meter

Unoccupied
(period)

Description

The heat energy needed to be removed from a space to maintain the
desired space temperatureetpoint

A dimensionless performance metric for adevice, determined by useful
thermal energy output divided by added thermal energy input.

The expansion and contraction that occurs within equipment when expc
to rapid or large temperature differentials. The termis amisnomerin the
the eventis not sudden (as the word shock would imply) butratheritist
result of long term stressesdm being exposed to repeated expansion an
contraction or uneven temperature changes.

A unit of measure equal to 12,000 Btu/h, the equivalent energy absorbe
melting tton of ice from solid to liquid at 32°F in aBdur period.

An approach to modeling the relationship between a scalar dependent
variable, Y, and one or more explanatory variables denoted, X. Typicall
result of a bestfit regression analysis.

The ratio of maximum to minimum operating logttor for a modulating
piece of equipment.

A typical meteorological year (TMY) is a collation of selected weather di
for a specificlocation, generated from a data bank much longerthanay
induration. It is speaily selected so that it presents the range of weathe
phenomenaforthe location in question, while still giving annual average
that are consistent with the longerm averages for the location in questior

A transittime ultrasonic flow meteris a device that utilizes two transduce
which function as both ultrasonic transmitters and receivers, to measure
velocity of afluid (in a pipe) by measuring the difference in time respons
sonic signals thragh the fluid in both upstream and dowrstream
measurements.

A period outside of normal businesscupancy time. Although the facility
may still have occupancy, the occupancy level is significantly below wh:
considered normal dung the business process.
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Terminology

Utility

Utility program

Variable speed

Variableair
volume

Variable
frequency drive

Water-cooled
chiller

Water-side
economizer
(HVAC)

Weather
normalized

Wet-bulb
temperature

Zone (thermal
control zone,
HVAC)

Description

An energyservice provider.

An incentive or support program sponsored by a serving utility company

A systemin which the (rotational) speed can vary as a result of changin
controlparameters.

A type of HVAC system in which the supply air flow rate to the condition
space varies to meet variable thermal loads.

A type of adjustablespeed drive used in electnmechanical drive systems t
control AC motor speed and torque by varying motor input frequency ar
voltage.

A chillerin which water is used in the refrigerant condensing process.

A heat exchanger that uses the condenser water siftbe system for
cooling without requiring the operation of the chiller when conditions are
favorable.

A statistical analytical technique which allows the comparison of
corresponding normalized values for different datasets in a \way t
eliminates the effects of certain gross influences, in this case weather
conditions.

The (thermodynamic) webulb temperature, also known as the adiabatic
saturation temperature, is the temperature a volume of air would have it
were cooled adiabatically to saturation (100% relative humidity) by the
evaporation of water into it, with the latent heat being supplied by the
volume of air. The webulb temperature is the lowest temperature that ca
be reached under current ambientieditions by the evaporation of water
only.

A spacdor group of spacesvithin a building with heating or cooling
requirements that are sufficiently similar so that desired conditions can
maintained throughout using a single controlling device.
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