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EXECUTIVESUMMARY

Packaged rooftop air conditioning units (RTUs) are the predominant equipment used for space conditioning
of small and mediumsize commercial buildings. It is estimated that roughly 70% of space conditioning in
commercial buildings is provided by R'Us. These RTUs are generally mass produced to meet federal
efficiency standards, and then sold throughout the country. After having identified significant savings
opportunities for equipment optimized for the California climate, the Western Cooling Effiency Center
created an RTU energy efficiency challenge. This efficiency target for this challenge, called the Western
Cooling Challenge (WCC), was designed based upon adding evaporativegoeling to air entering the RTU
condenser, and indirect evaporate pre-cooling to the outdoor air intake of the RTU. The results of these
additions were sensiblecooling efficiency targets for annual energy consumption and peak electricity
demand roughly 40% better than the performance of 2010 minimurffederal-standard equipment.

The purpose of this project was to gather field data to demonstrate and understand the performance of a
hybrid rooftop air conditioner that uses dualevaporative pre-cooling, essentially an RTU that employs the
technology used to define the Wstern Cooling Challenge. The technology is expected to save energy and
demand two ways:

a) by cooling the outdoor air being delivered to the RTU indoor coil, and thereby reducing how much
cooling it needs to perform, and

b) by reducing the air temperature see by the RTU condenser coil, thereby decreasing refrigerant
pressure and the work that needs to be done by the compressor.

The key metrics used to characterize the performance of the retrofit include:

c) sensible Coefficient of Performance (COP)
d) sensible cwling capacity, and
e) electric power draw

Each performance metric is evaluate@as a function of outdoor weather conditions. In addition, the project
was designed to measure the ogite water consumption associated with achieving those performance
improvements, as well as to calculate a key intermediate parameter, the evaporative effieeness of the pre
cooling system. Evaporative effectiveness measures the ability of the evaporative media to cool the air
entering the condenser toward the wetbulb temperature (WBT) of the outside air, and is the key parameter
used to characterize theperformance of evaporative coolers for condenser air in the laboratory.

The approach chosen was a field test conducted on three new identical packaged rooftop units (RTUS)
installed in Ontario, California. Two of these RTUs serve interior office spacesgdahe third unit serves the
kitchen of a restaurant and bakery. Monitoring involved minuteby-minute data collection on the RTUs with
and without the evaporative media installed and operational. In addition to the key performance metrics, the
internal wor kings were also investigated, including isolating the performance of the watep-air heat
exchanger for indirect evaporative cooling of ventilation air, monitoring the performance of the sumpump
control, as well as monitoring total water consumption ancestimating the fraction of total water use
associated with evaporation.

The energy use signature for each system with and without the dualvaporative pre-cooler indicates energy
savings between 13%66% when outdoor-temperature conditions were between 100105 °F, and average
savings of 20%64% for all operating hours above 70°FFor an installed cost of $350 per ton, the increase in
efficiency demonstrated by this equipment would equate to a simple payback betweerlb years. The
payback period depends b application z it is most appealing in hot climates, in scenarios with longer
runtime hours, for units with larger outside air fractions, and for customers with high peak demand charges.
For the project evaluated here, we estimate a simple payback of #&ars (see Appendix A).

The following table summarizes savings , as well as other key performance metrics observed across a range of
ambient conditions.
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TABLE ES-1: SUMMARY OF PERFORMANCE METRICS FOR EACH RTU (BINNED AVERAGE VALUES)
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Location

Measured Percent Reduction in Hourly Energy Consumption

M 12-14 Mall Security Offices 87% 63% 47% 52% 56% 69% 66%
M 15-15 Mall Admin Offices 14% 1% -13% -18% 36% 72% 45%
AC7 Restaurant Kitchen 40% 27% 17% 18% 14% 8% 13%

Sensible System Coefficient of Performande)

M 12-14 Mall Security Offices 2.3 2.2 2.3 2.3 2.4 2.3 2.3
M 15-15 Mall Admin Offices 2.6 2.8 2.3 25 2.4 2.3 25
AC7 Restaurant Kitchen 2.0 2.8 3.0 3.3 3.6 3.7 3.8

Sensible System Cooling Capacity (kBtu/hr)

M 12-14 Mall Security Offices 70 71 72 73 74 75 75
M 15-15 Mall Admin Offices 120 125 130 140 81 75 82
AC7 Restaurant Kitchen 50 68 119 136 145 152 160

Electric Power Draw (kW)

M 12-14 Mall Security Offices 9.0 9.1 9.1 9.1 9.2 9.2 9.4
M 15-15 Mall Admin Offices 11.5 114 9.4 11.6 9.5 9.7 9.7
AC7 Restaurant Kitchen 9.2 11.8 12 12 121 12.2 125

These results indicate that the peak demand reduction and aggregate energy savings vasigmificantly
between applications. The overall savings for AC7 is smallest, even though this unit operated at the highest
COP. This apparent incongruity can be explained by the fact that for AC7, part of the efficiency increase
resulted in increased cooling of the space instead of reduced electricity consumption. Despite the variability
in measured performance, these three cases represent good examples of the savings that can be expected
from this RTU.Water use for the three systems evaluated was found tme reasonable. In contrast to a parallel
study with the same technology (Modera et al. 2014), the bleed rate was better controlled for this installation.
Total water consumption only exceeded the estimated evaporation rate by ~25%, and the ratio of totahter
use to energy savings for M124 was roughly 5 gal/kwWh. This should be compared to the stat@ide average
1.34 to 2.76 gallons of water consumed per kWh of electricity generated (Pistochini, 2011).
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This field evaluation suggests four key conclusits:

1. Hybrid rooftop air conditioners using dualevaporative pre-cooling can deliver considerable energy
savings, capacity improvement, and peak demand reduction.

2. The water evaporated to achieve these savings is comparable to the water that would be used to
generate the electricity saved.

3. The actual savings realized depends on the application, patterns of use, and climate for which the
measure is installed.

4. The savings potential, water use, and reliability for this technology would benefit from improved
controls and system integration strategies.

Based upon the observed performance, the research team recommends hybrid deabporative RTUs as a
means to reduce energy consumption and peak demand for cooling in commercial buildings. However, we
also recommendthat utility efficiency programs address some of the challenges observed in this study,
including:

1. Require a quality service agreement or manufacturer/installer performance guarantee in programs
to avoid pre-mature failure, or abandonment of the precooler functions within the RTU

2. Require a preapplication analysis designed to assure that any prexisting performance issues be
addressed along with the installation of the hybrid RTU (e.g. a poorlyaintained, inadequately
designed duct system)

3. Conduct further investigation of the three installations studied here: to optimize performance and
produce practical guidelines for broader application of the technology

The results, observations, conclusions and recommendations from this study are generally consisteiith

those from a recent field study of the same duadvaporative technology applied as a retrofit, and the COPs
achieved in these field applications agree with laboratory observations for the same RTU. The authors
suggest further work to translate the chaacteristic measurements from this study and others into a

calibrated model for this hybrid system. The objective would be to provide a performance map and modelling
platform that address all the various operating modes of this RTU, and that could be ugedoredict and
analyze its performance in different climates and applications.
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ABBREVIATIONS ANDACRONYMS

CEC California Energy Commission
COP Coefficient of Performance dimensionlesp
CPUC California Public Utilities Commission
Cx Concentration (of constituent X (e.g. ppm)
Cp Specific Heat Capacity (e.@®tu/lbm -°F)
DX Direct Expansion Vapor Compression
EA Exhaust Air
R Sensible Heat Exchanger Effectiveness
O Electric Power, (Rate of Electric Energy Consumption) (e k)
O Cooling Capacity, (Enthalpy Flow Rate) (e.kBtu/h)
Q Specific Enthalpy (e.gBtu/lbm -dryair)
HR Humidity Ratio (e.g.lbmwater/lbm gryair)
IEC Indirect Evaporative Air Conditioner (Indirect Evaporative Cooling)
a Mass Flow Rate (e.dbm/h)
OA Outside Air
nP Differential Static Pressure (e.gnWQ
RA Return Air
RH Relative Humidity (%)
RTU Rooftop Air Conditioning Unit
SA Supply Air
T Temperature (e.9.°F)
@ Volume Flow Rate (e.gscfm)
WBE Wet Bulb Effectiveness
WBT Wet bulbtemperature
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INTRODUCTION

Energy used for air conditioning in buildingsnecessitatesmassiveinvestments in electric generation and
distribution capacity, draws on a substantial portion of our global fuel extraction, and subsequently
contributes to a host of environmental, political, and economic challenges. There issnumental need to
improve efficiencyfor air conditioning. This report explores one technology opportunity that has previously
demonstrated 40% on-peak demand saings for cooling in California climate conditions.

Buildings consume 70% othe electricity in the US 50% of whichis used forcommercial buildings. Air
conditioning and ventilation is responsible for more than 25% of the annual electricity use from commercial
buildings in California. If gas consumption is considered, heating, cooling, and ventilatiarsually accounts
for more than 50% of the annual energy use in these facilities

Importantly, air conditioning canaccount for more than 50% of theon-peak electricaldemand from

commercial buildings8 #Al EAl OT EA860O Al AAOOE AummérpdiiodEwbenAOPAAEAT T U O
generationrequirements can be twice as high as other periods in the year. On the hottest summer days, air

conditioning alone accounts formore than 30% of the peak demand on the statewide electrizetwork (EIA

2014, CEC 2006)Grid management is anticipated to beame more challenging as a larger number of

intermittent renewable generators are brought onto the network. Since @& conditioning loads are such a

singularly large fraction of statewide demand, these systems witllay akey role on the newly emerging

paradigm of dynamic grid management

Cooling and heating for commercial buildings is served predominately by packaged rooftop air conditioners
(RTWs). This equipment is often the single largest connected load in a building, andestechnology that has
not evolved to keep pace with efficiency improvements for other key end use sectorEhere are a variety of
emerging technologies that can improve the efficiency for rooftop air conditionersincluding the measure that
is evaluated through this study.

Theintent of this projectis to characterize the cooling performance and energy efficiency for three hybrid
rooftop packaged air conditioners installed for commercial buildings in OntaripCalifornia. The hybrid
systems are standardbigh efficiencydmodel rooftop air conditioners that usea dual evaporative precooling
technology to cool air at the condenser inlet and at #hventilation air inlet. This pre-cooling process is
executed in such a way that moisture is not addet the conditioned environment. Further, the technology
can be applied directly to almost any conventional rooftop air condibner with only minor revisions. We
consider this a key advantagén comparison to other climateappropriate commercial cooling measures

This study emerges from a variety oéfforts and innovation surrounding climate appropriate cooling

strategies. The California Energy Efficiency Strategic Plan sets aggressive targets to advance the presence and
market adoption of such measure¢CPUC 2011)Climate appropriate measures leveragechnologythat may

not be appropriate for all climates, but which have unique potential to decrease energy use and peak demand
in specificscenarios In the case of the technology studied here, water evaporation issed to decrease load

and improve the efficiency of a conventional vapor compression air conditioner.

Traditionally, conventional vapor compressionair conditioners were designed tocomply with federal
minimum energy conservation standards which require cooling performance at a single condition that is
milder and more humidthan designconditions experienced inCalifornia climates. However, ppwer draw and
cooling capacity fa air conditioners are especially sensitive to outside air temperature. Aa result, systemsin
California deliver less cooling and draw more power than what is predicted by standard ratings.

There are many new energy efficiency measures for rooftop air conditioners, including variable speed fans,
advanced controlschemes, and multistage or variablecapacity compressorsRecent studies indicate that
these measures cameduce annual electric energy consumption foheating, ventilation, and air conditioning
(HVAQ by more than 50% The greatest share of these savirgjis generallycaptured from reduced fan power
at part capacity operation, and from appropriate economizer contr@ These measures are promising,
however, since the greatest portion of savings are captured at part load, thesgeasures provide relatively
little improvement at peak when all components must operate at full capacity and when air conditioning
stands as the largest single endse on aresource-stressedgrid. Additionally, most of these capabilities are
now required by California Building EnergyEfficiency Standards, which means that utility efficiency
programs will find it difficult to usesuch technologies to advance savings beyondstandard baseline.
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Theclimate appropriate technologiesevaluatedin this study and through other recentresearch improve the
efficiency for cooling duringall non-economizer hours, andffer substantial demand savings at pealk.he
dual-evaporative pre-cooling technology observed in the field for this study was also laboratory tested hyC
Davis in 2012 (Woolley 202); measured performance in that evaluation indicated 43% demand reductioat
anoutside temperature of 105°F (73°F wet-bulb), ascompared toequipment that is minimally compliant

with federal energy conservationstandards. This degree of peak demandeduction met the UC Davis Western
Cooling Challenge performance targetsvhich considerA O U Gs@n&iblécddling performance while
providing 120 cfm-osa/nominal ton. In fact, the dual evaporative precooling concept was used as the basis to
develop the Challenge performance targets, and is recognized asemtral opportunity for improving

efficiency for rooftop air conditioners in California.

A variety of studies havesuggestedthat evaporative cooling technologies can be an effective method to
reduce electricity consumption and peak pwer demand from conventional vapor compressiorsystems,
however, characteristic performance data from field testing is limited. For example, the measured
performance of each component in the dual ey@rative pre-cooler has not been well documented, and there
is currently not adequate validation of the overall equipment performance characteristicacrossa
comprehensiverange of operating conditions As a result, there has previously not been adequate field data
to inform sophisticated modeling efforts that can estimate statewide energy savings and demand reduction
potential. The results of this study expand our understanding of these characteristiesxd should provide a
basis for further efforts to advance the measureDespite the demonstrated energy efficiency advantages of
the technology, we identify several technical opportunities to improve system control and equipment design
in order to address ®me of the challenges that were observed in the field.

Further, this study afforded an opportunity to observe real world equipment behaviorlnd the impact of
control sequences and interactive effects with other building energy systemSimilarly, we observed some
challenges related to equipment applicationcommissioning, operation and maintenance. Many of the
challenges observedare not unique to the duatevaporative pre-cooling technology, and are common
problems associated with conventional rooftop airconditioners, and building systems.Regardless, these
challenges daconstrain successful application ofthe measure Neverthelesswe offer a number of
recommendations and identifysome of the real world constraints for he product.

This report describesthe technology evaluated, and the applications in which the measure was installed.
Then, the experimental design and technical methodology is documented, and an array of performance
results are presented and discussed. We identify the technical advanesgapparent for the machine, and
review lessons learned through the procesbefore presenting general conclusions and recommendations to
foster further advancements and application for the technology
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PROJECTOVERVIEW

OVERVIEW OF THBUAL EVAPORATIVEPRE-COOLINGTECHNOLOGY

The product tested in this projecttakes advantage of indirect evaporative cooling to cool the ventilation air
stream on aconventional rooftop unit, anduses direct evaporative cooling tocool air at the condenser inlet.
The systemcools ventilation air sensibly,therefore it does not add moisture to the conditioned spaceThe
combined system maintains latent cooling capacity for applications where dehumidification is required.

The dual evaporative precooler addsA p ¢ 6 A telaporativie @ddiat the inlet face ofthe condenser
coil on a rooftopunit. As condenser air is drawn across the media @ools by evaporation.Water supplied at
the top of this mediais also cooled by evaporation andlrains down to a stainless steelsmp, whereit is
pumped to a waterto-air heat exchanger locatedt the ventilation air inlet. Ventilation air is cooled as it
passes through this heat exchangeresulting in a cooler mixed air temperatire at the evaporator coil inlet
The water warms asit exchanges heat with ventilation air Then the wateris circulated to the top of the direct
evaporative media wherethe cycle begins agairFigure 1 provides a schematic illustration of the technology.

These dual processework together to increase cooling capacity and to improve efficiency for the vapor
compression system.The second effect is mainly caused by a lower heat sink temperature for the
refrigeration cycle. The effect of a lower heat sink temperature is readily apparent fazonventional air
conditioners. Manufacturer performance tables, laboratory measurements, and most field observatiostiow
an efficiency increase of 2% for every degree Fahrenheit ¢F) decrease forair at the condenser coilinlet.

The dual evaporative precooler takes advantge of this natural fact by reducing condenser temperature with
an evaporative coolingprocessthat requires only 150 Watt (W) pumping power. The capacity increase is
partly a result of reduced condenser air temperature, and partly a result of the sensible cooling delivered by
indirect evaporative cooling of the ventilation air.Laboratory measurements for thedual evaporative pre
cooling technologyinstalled on a similar rooftop air conditioner indicated 43% reduction in power draw at
peak (Woolley 2012).

The product testedin this assessments designedto be added to new or existingonventional rooftop units
(RTUs), and only requiresmodestin-field integration efforts. The system uses a simple stan@lone control
scheme that does not requiréntegration with or revision sto existing RTUcontrols. It also usesrelatively few
materials and standardly available components, which helps to keep equipment costs low compared to other
climate appropriate strategies.

Our review of various projects that have applied this technology indicate that installed cost of the dual
evaporative pre-cooler can be between $35@ $450 per nominal ton so it could cost $7,000 $9,000 to add

this technology to a 20ton RTU. In this study the measure was installed on new equipment, but it can also be
installed for existing equipment.Actual installed costs appear to depend on the number of retrofits,

equipment size, and the ease of itallation. In addition, access to a water supplyand a sewer drain are
necessary The addition of rooftop penetrations and plumbing interconnections can increase costglany of

the component costs, construction, and installation costs are not sensitive to equipment size, so the retrofit of
smaller units will be comparably more expensive than retrofis of larger equipment.lt is also incrementally

less expensive to retrofi several units in a single project. This strategglready has a reasonablérst cost,
however we believe the technology could become even more affordable were it manufactured at scale.
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FIGURE 1: CONCEPTUAL SCHEMATIC FOR ROOFTOP UNIT WITH DUAL EVAPORATIVE PRE -COOLING

There are some technical factorselated to this equipmentthat designers and practitioners should consider

First, the water-to-air heat exchanger adds some airflow resistance in the ventilation flow path. During
normal operation, this resistance takes the placef resistancenormally exerted by the outside air damper.
Therefore, thesystem does not increase fan power and does hdecrease supply airflow during normal
operation. Since the coil adds restriction in the ventilation flow path,nistallation of the technologydoes
require an air balance to maintain an appropriate ventilation air flowrate.

Second, the savings achievday this measure is tied closely to the amount of outside air that is treated by the
system. When it is an option, it should therefore be advantageous to group the ventilation needs for a
building onto units that usethis technology, and to shift other stadard units to operate as recirculation only

AT A ET Al O0!'54/8 iTAA xEAOA OEA OO6PPI U AEO AlT xAO
especially appropriate for big box retail stores and other buildings where a displacement ventilath strategy

can maintain appropriate air change rates.

Finally, addition of the dual evaporative precooler does add airflow resistance to the system in economizer
mode. Subsequently, the supply airflow rate will be reduced in economizer modaless theblower speed is
adjusted to overcome the added resistance. Special consideration should be given to operation in this mode
to ensure that the blower is capable of functioning reliably with the added resistance, and that the supply
airflow rate is adequatefor operation of each compressor stage in an integrated economizer mods for
economizer operation, since thelual evaporative precooler coolsincoming ventilation air, this measure can
alsoextend the range of outsi@ air temperatures that are appropiiate for operation with 100% outside air.
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OPERATINGMODESS SEQUENCE OBPERATIONS

A hybrid RTUthat usesthe dual evaporative precooler evaluated in this study can operate in many different
modes The pump for the dual evaporative pre-cooler iscontrolled to operate anytime outside air
temperature is above a fieldselected setpoint. The rooftop unit is controlled to operate in an economizer
mode anytime the outside air temperature is below a differenfield-selected setpoint. Simultaneously,the
supply blower speedand compressor stagesespond to programmed ventilation requirements andstaged
cooling signalsfrom a room thermostat,or building Energy Management and Control System (EMES
Controls that manage the dual evaporative preooler arecompletely separate from controls thatmanagethe
rest of the rooftop unit functions;therefore the pump can operate in combination with any normal rooftop
unit operating mode.Table 1 summarizes each possible operating mode, and tle®rresponding function of
each componentAll of the active cooling modes described assume that the unit functions to provide
continuous ventilation for indoor air quality.

It should be naed that while the simple outside air temperature control switch provides for a simple retrofit,
and helps to keep equipment costs relatively low, it also results in the possibility of sonumanticipated
operating modes. For example, the pump may operatahile the rooftop unit is off, or during periods when
the outside air damper is not openOther studies have indicated that for some units, these operating modes
may constitute asubstantial number of operating hours(Modera 2014).

When building controls differentiate between occupied and unoccupied states, there may be periods when
cooling is needed but when ventilation is not neeeld. These periods would likely occur whermutside
temperature is cool enough that the dual evaporative preooler does not opeate Z one example is a pre
occupancy cooldown period. However, some of these hours coul@ccur whenit is warm enough for thedual
evaporative pre-cooler to operate z one example is when cooling is needed in the late afternoon or weekend
while a commerdal space is vacant. It is not clear whether pump operation with the outside air damper
closed would be of benefit or notThe system would provide novalue in coolingventilation air, but condenser
air pre-cooling would still improve vapor compression effciency.

Controls for the dual evaporative precooler typically consist of a single outside air temperature switch that
enables pump operation anytime the measured temperature is greater than a fiekklected set point. The
appropriate set point may varya little by application, but the manufacturer typically recommends 76F as the
changeover point. Below 70F cooling effect for ventilation airis small, and there idessefficiency benefit

from condenserair cooling. Further, it has been observed that the pump is allowed to circulate at
temperatures well below 70°F, the media may not dry out adequately each day, which can all®wological
growth on the media.The optimal changeover point would be that temperature below which the compressor
and fan enepgy savings benefits are smaller than the energy expended for pump operation.

In lieu of the temperature switch control strategy described abovethetechnologycan also utilize acustom-
programmed controller that measures key operating parameters on the @ftop unit (such as blower and
compressor operation)in order make control decisions for the dual evaporative precooler. There are a
variety of ways that this type of integrated controller could bedeployed. Two units evaluated in this project
used a cusbm-programmed controller to enable the pumponly if the blower is operating, and the outside air
temperature is above the changeover set point. Thapproach can alse@mploy a relay to switch the
condenser fans on anytime the pump operates, even if there mot compressor operation.As notedin Table
1, this control strategy avoids pump operation when the unit is off but stilusesthe evaporative cooling
components during ventilation, or economizeronly modes

A schematic illustration of the control wiring for the custom-programmed controller approachis provided in
Figure 2.
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FIGURE 2: CONTROLS SCHEMATIC FOR SYSTEMS USING CUSTOM PROGRAMED CONTROLLER (M12-14 & M15-15)
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TABLE 1: DEFINITION OF EACH OPERATING MODE

Cond. Fang' 2

— (]
(] (%] >
© = (&) o
a = S s
% 5 § E
O &} &} =
Off OFF CLOSED OFF OFF OFF
Pump While Off2 OFF CLOSED OFF OFF ON
Ventilation Only 8 OFF OFF OFF
[}
o [e]
Economizer g g OFF OFF OFF
g 2
DX1 S S 0-2 1 OFF
3 3
DX2 g g 0-2 2 OFF
. £ £
Pump + Ventilation2 5} 5} 0 1 OFF ON
o o
9] 9]
Pump + Economizep g g 0 1 OFF ON
(0] [¢]
Pump + DX1 3 3 0-2 12 1 ON
(] (]
2] (2]
Pump + DX2 =) e 0-2 1-2 2 ON
Q Q
Integrated Economizers g g 0-2 1-2 OFF
Q Q
Pump + Integrated Economizer é é 0-2 1-2 1-2 ON
c c
Heating 0 0 OFF

1 Condenser fan operation is controlled in part by head pressure measuremestn the refrigerant circuit. Nominally, the
number of condenser fans corresponds to theumber of compressors operating. Howeveryhen head pressue is below a
threshold, one or both condenser fans will cycle off, even while compressor(s) are running.

2 The two rooftop units at the mall site se a custoraprogramed controller that only allows pump operation when the
supply blower is active, and enables condenser fan operation whenever the pump circulates, whether or not compressors
are active. Subsequently, these units do not operate in any se€io where the pump circulates water without condenser
airflow or without supply airflow.

3 The unit may runin full economizer mode (outside air only), or as an integrated economizer (outside air plus
compressor cooling), with or without the dual-evaporative pre-cooling function. Since theetrofit provides some
temperature reduction to the ventilation air stream, there is good reason to expect that equipment with thetrofit
should benefit from operating with an elevatedeconomizer changeover set poin
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OVERVIEW OFIELD TESTSTES

Two field test sites in Ontario, CA were selected for this study. The first site is a restaurant and bakery, the
second site is a mall facility.For the restaurant,a new rooftop unit with the dual evaporative pre-cooler was
installed to serve cooling &ad ventilation for a portion of the kitchen. Two systems were instdled for the mall,
one tocool administrative offices, and another tocool the mall security officez both spaces are interior zones
The two unitsin the mallusea common return plenum, butuse separate and independent thermostat
controls. The mall security office is a 600 ftspace with large equipment loads from security electronics.

Table2 summarizes the general design specifications for the equipmeinstalled at each locationMeasured
supply airflow rates and ventilation airflow rates weresignificantly different than the design targets
documentedin Table2. Figure 6in O A A OASse$smeadt Methodology: Water and Airflow Measureménts
documents the measured suply airflow and ventilation airflow rates for each unit.

I TABLE 2: EQUIPMENT SCHEDULE FOR ROOFTOP UNITS?

z g -
— 0= o
. : 5z | 2 =
- %] = S o c o
c o 2 2O~ = ) a
@ o 3] c 2 = n > a
£ = 8 x o c c L
S o3 =] = £ 3 2 2 =
=] ) c Xog 7 7 S
o = (o] T oy o} ] o
L (%) = <O o o (@]
AC7 Restaurant Kitchen Trane YFD151-F3-K 145 5,000 1,500 2 Scroll 460/3/60
M 12-14  Mall Security Offices ~ Trane TFD-151-F4-L 145 5,000 960 2 Scroll 460/3/60
M 15-15 Mall Admin Offices Trane TFD-151-F4-L 145 5,000 1,140 2 Scroll 230/3/60

1 The three units also include the following specifications:
o 125t 1 tpmn! OEECE A &££EAEdvhphratide pie-todld)l O | AALEI OA AODAI
VFD on indoor fan
Micro channel condenser coils
TXV/face split evaporator coils
Down-flow economizers (0-100% fan speed with barometric relief dampers)
No variable speed condenser fans
MC12-14 has an oversized indoor fan motor.

O O 0O o o o
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T OF ROOFTOP UNIT STUDIED AT RESTAURANT FACILITY IN ONTARIO
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ASSESSMENOBJECTIVES

The primary objective of this investigation wasto conductmultiple field evaluations of a new hybrid rooftop

air conditioner that usesa dual evaporative precooler. The evaluation studiedreal world equipment

operation and developed accurate characterizations of the overall system performance and energy efficiency
for three separate unitsin each mode of operation and across a range of operating conditians

The study was designed to invdaggate performance characteristics that cannot be captured by steady state
laboratory testing. For example, thisevaluation carefully disaggregates performance irach mode of
operation to consider the value and effectiveness of eadystem state and toinvestigate theimplications of
the control strategies and fieldselected settings that were appliedThere are a variety offield conditions that
can impact equipment performance This study documents observation of thehybrid systemin three
different applications in order to develop a broaderunderstanding about the technology Further, the study
capturesseveral specificmetrics that can be usedd model performance of the dualkevaporative pre-cooler.

In addition, the study presents apre-post assessrent of energy useto estimate savingsrom the three
installations. This assessmenis not an annual projection of savings, only a comparison of characteristic
performance for each unit from periods of operation with and without the dualevaporative pre-cooler.
Mainly, resultspresent a clear andreliable description of system performance for real world operatiorwith
the dual-evaporative pre-cooler.

Beyond the technical assessmenmtbjectives, thestudy also documents observations related tavater use,
equipment reliability, quality installation, and maintenance requirementsThese factors can have a significant
impact on energy savings, andan play a substantial role in determining the successful application of a
technologyon a broad scaleWe identify the successes observed in these areas and recommend possible
solutions where we recognize challenges.

ASSESSMENMETHODOLOGY

OVERVIEW OFHE TECHNICAIAPPROACH

The three systems tested in this study were installed in November 2012. The equipment was aoissioned

by the installing contractor at that time, but the dual evaporative precooling systems were not commissioned
and enabled until August 2013 when the period of study begaim August 2013, UC Davis installed thorough
array of instrumentation on each of the three systemand beganmonitoring operation and performanceat
one-minute intervals.

Analog and digital measurements from each rooftop unit were collected by a data acquisition mdd located

on board each unitDatawas collected over the course of the study, with minor gaps during any period when
the equipment was shut down for service, update, or maintenance. The minute interval data from each unit is
stored on board the data acquisition module for 24 hours, then autoatically uploaded over the EDGE

cellular network to an SFTP server hosted by the University. Data for each unit is collected on this server as a
separate CSV file each day.

Raw dayby-day datasets for each unit were concatenated into larger datasets thatogp minute interval data
into month-long time series data sets. These montlong files were then used as manageable chunks for
further analysis and visualization. Data was collected continuously fdr4 months between August 2013 and
October 2014 For thesake of clarity, the data presented in this report is drawn fronseptember2013, the
month that experienced the widest range of ambient conditions.

Data analysis and visualization was conducted usirgycustomsoftware developedin Python (Rossum 1995)
Python is especially wellsuited for manipulation and analysis of large time series datasets. A custom script
and library of analysis functions was developethrough this project that can be applied to analysis of similar
monitoring and evaluation effortsin the future. In particular, the developments allow for straightforward
definition of distinct operating modes and for filtering of data to extract performance results for periods of
steady state operations. The research team also developed a library ofyperometric functions for Python, as
well as an array of calculators for common analysis metrics such as cooling capacity, energy and water use
efficiency.
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In addition to the array of instrumentation for minute-by-minute performance monitoring, the researt team
also conducted a numbeof in-field diagnostic measurements in order to build calibrated maps for péicular
operating variables.These infield measurements were used to supplement the minutdéy-minute data with
information that is not easly measuwed continuously, butthat is required to calculate meaningful
performance characteristics such as cooling capacity and coefficient of performan&imped water flow
rates were determined by measuring the mass of watggumped through the systemover a measured period
of time. Airflow rates were measured using a tracer gas airflow techniqueThese measurements are
described in more detail inthe GVater and Airflow Measurementssection.

MONITORINGPLAN

The research team developed a monitoring plan that allogd for (1) assessment obverall performance for
system inputs and outputs (2)evaluation ofsub-component performance characteristics, and

(3) consideration ofdynamic equipment operating behaviorsThe monitoring schemeusedfor the study is
illustrated schematically in Figure 5. Table 3 provides a simple description of each measurememharked in
the instrumentation schematic anddocumentsthe performance specifications for the sensorsised for each
corresponding measurement.

Current transducers listed in the monitoring plan are used mainly for sensing component operations to
determine system mode. The system amperage, line voltage, and power factor are recorded to accurately
determine the total power draw for eachminute of operation. The analog output channels noted represent
the non-invasive measurement ofdirect current-voltage signalsused m-board the RTUto control the

operation of various components.
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FIGURE 5: INSTRUMENTATION SCHEMATIC
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TABLE 3: INSTRUMENTATION TABLE

Measurement

Sensor

Uncertainty

T osa Temperature z Outside Air Vaisala HUMICAP HMP110 +/-0.2 °C
RHosa Relative Humidity z Outside Air Vaisala HUMICAP HMP110 +/-1.1% RH
TRra Temperature Z Return Air Vaisala HUMICAP HMP110 +/-0.2 °C
RHRrA Relative Humidity z Return Air Vaisala HUMICAP HMP110 +/-1.1% RH
Tsa Temperature Z Supply Air Vaisala HUMICAP HMP110 +/-0.2 °C
RHsa Relative Humidity z Supply Air Vaisala HUMICAP HMP110 +/-1.1% RH
Y Grrotsa Pitot Tube in Supply Airstream Dwyer 668-1 +/-1% FS
CTc1 AC Currentz Compressor 1 NK AT21-005-000-SP +/-1% FS
CTc2 AC Currentz Compressor 2 NK AT1-005-000-SP +/-1% FS
CTpump AC Currentz Pump NK AT21-005-000-SP +/-1% FS
CTcrig2 AC Currentz Condenser Fans NK AT1-005-000-SP +/-1% FS
T suc Suction Line Temperature /' T ACA p 03190 ( +-0.1°C
Tois Discharge Line Temperature /' T ACA p mE031940F ( +/-0.1°C
Tuo Liquid Line Temperature /' T ACA p mAB031TH0F ( +/-0.1°C
Psuc Suction Line Pressure ClimaCheck 200200 18ar <1%FS
Pois Discharge Line Pressure ClimaCheck 200100 3bar <1%FS
Pug Liquid Line Pressure ClimaCheck 200100 3bar <1% FS
Tsump Sump Water Temperature /' TACA pmnE4O3L ( 34 ( +/-0.1°C
Twen Water Coil Inlet Water Temperature /' T ACA p 031940 ( +-0.1°C
Twe out Water Coil Outlet WaterTemperature /' T ACA p 03190 ( +-0.1°C
VWATER System Water Consumption OMEGA FTB 4105 A P 1 pulse per gallon +/- 1.5% FS
AODpwmPR POS RA/OSA Damper Actuator Position 2-10 Vdc Analog Signal NA
kW sysTem System Power Draw, Voltage, Current & PF Dent Powerscout 3 +/-0.5%

DETERMINATION OOPERATINGVIODE

The performanceof each systemchanges with mode of operation, therefore it is important to discretize

results by the separate modes so that the observations may be analyzed and explainkshrly. The operating
mode for eachone-minute interval record wasdetermined by examination of several variables used as
indicators for the function of each system component. The combination of component states in each mode of
operation is described inTable 1, inthe (Dperating Modes& Sequence of Operatiorsection. These

definitions were usedto separatethe results categorically.

In some cases, when faults and errors occur, equipment can operate in unexpected ways that are not clearly
defined by an intentional control sequence. In this project there were somiastancesof intermittent pump
cycling are not defined by the conceptual description of each mode Fable 1. To address this behavior, tese
observationswere tagged as if the equipment was operating continuously in a modhth the pump on, and

the performance measured during thesgeriods is presented alongside periods of more steady operatiom
this way, the inconsistency is included as a characteristic of the intended mode of operatiothese behaviors
are not ideal. We explore the reason for these behaviors, and recommend solutionghia GResults&
Discussiodsection.

There are sometimes alsinstances where compressors operate without any condenser fandn these cases
we have marked the mode according to compressor function. TheBa Usincorporate a head pressure
control scheme that disables condenser fan operatiowhen discharge pressure is too low in order toeduce
heat dissipation, to keep the evaporator temperature from dropping too low, and to avoid return of liquid
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regardless of whether @ not either condenser fan ison. In this way, any variation in performance is included
as a characteristic of the intended mode of operation.

The explicit logic used to determinahe state of each componenand the system operating mode was gjhtly
different for each unit. Although the threeRTUshave the same model number and are nominally the same
machine, hey are each configured different}, and operate withdifferent component power draw
characteristics in each mode of operationThe research team found that each of the three units had
noticeably different power draws on condenser and supply fans. For example, during normal operation the
supply fan on M1214 draws roughly 0.85kilowatts (kW), M15-15 draws 3.85kW, and AG7 draws 1.4 kW.
The team also found significant difference ithe minimum outside air damper position in ventilation and
economizer modes. Each unit has an outside alamper actuator that is controlled with a 010 Volt (V) dc
signal. The research team found the minimum position for the units ranged fromz37Vdc and the
economizer position ranged from 8 10Vdc.Therefore, thelogical details for determining operating modes
were carefully chosen for each uniby examining patterns in the time series data for each control variable,
and by correlating these patterns to records from orsite obsavations of each system in eacmode.

QUMULATIVE VERSUSTEADY-STATE PERFORMACEANALYSIS

Two types of performance results are presented in this report: 1) cumulative performance metrics, and 2
steady-state performance metrics calculated whenever the equipment had been running in a particular mode
for more than ten minutes. The cumulative metcs account for every minute of the test period, whereas the
steady-state results only show data acquiredfter 10 minutes of operation in a particular mode.

For example Figure 9 presents the cumulative sensible cooling, anBigure 15 presents the cumulative water
use for each dg. These metrics account for the electricity use, water consumption, and thermal energy
delivered during every minute of the study period. Figure 11 plots the sensble cooling capacity in each
mode of operation as a function of outside air temperature, anéigure 10 presents the sensibleCORIn order
to reduce noise and ease sual interpretation of the results, these plots discard observations from the first0
minutes of operation in any mode. The exception to this rule is for periods of intermittent pump cycling
within a particular mode of operation, as describegreviously.

DATACONFIDENCE

The measurement accuracyor each instrumentused for field monitoring is recordedas part of the

monitoring plan in Table 3. Table4 summarizes the degree of confidence for the key calculated metrics
presented in this report. These values are calculated by propagation of uncertainty at a single operating
condition. The values recorded here indicate the uncertainty resulting from manufacturer stated performance
for the sensorsused, and from the equationslocumented inthe Mefinition & Calculation of Performance
Metricsdsection. The valuesin Table4 do not account for any methodological uncertainty associated with
features such asensor placementor transient interaction between equipment operation and sensor
response.

TABLE 4. UNCERTAINTY FOR KEY CALCULATED METRICS?!
Uncertainty

Supply Airflow Rate +34 SCFM

Ventilation Airflow Rate + 117 SCFM

Absolute Humidity +0.00057pound [O)m, water/ 1bm, dry air

Sensible System Capacity +6.2kilo British Thermal Unit per houkBtu) /hr
Sensible RoonCapacity +4.5kBtu/hr

1 Uncertainty for each metric is calculated for the following conditions: Bsos~105°F, Tweos~=73°F, Tos ra=78°F, Twe ra=64°F, Tos si=55°F,
Twesa=52°F, Supply Airflow Rate = 1903.4 SCFM, Ventilation Flow Rate = 447.8 SCFM
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Sensible Systel@OP +12

Sensible RoonCOP 0.9

Water Use +0.06 gallon per ton per hougél/torthr)
Wet Bulb Effectiveness +0.8

DEFINITION& CALCULATION OPERFORMANCMETRICS

WATER ANDAIRFLOWMEASUREMENTS

Accurate calculation of cooling capacityCOR and other metricsrelies directly on accurate measuremens of
mass flow rates for water and air throughout a system.

Pumped water flow rates were determined by measuring the mass of water pumped out of the sump over a
measured period of time. The pump operates a@tconstant speed, sdthe assumption isthat the flow rate of
water circulated through each dual evaporative pe-cooler remains consistent for all intervalsTable 5
summarizes the measurements made for each system. Note that the flow rate is fairly consistent between
units.

TABLE 5: MEASUREMENT OF WATER FLOW RATE CIRCULATED THROUGH DUAL EVAPORA TIVE PRE-COOLER

Eapl s o) W e Cobocmd ) FowRae (GPY)
AC 7 25.1 38.7 111

M 12-14 23.4 38.8 11.9

M 1515 23.8 393 119

Supply airflow rates were determined using a tracer gas airflow measurement, conducted according to ASTM
E2029 Standard Test Method for Volumetric and Mass Flow Rate Measurement in a Duct Using Tracer Gas
Dilution (ASTM 2011). This method mixes a measured mass flow rate of £4@0o the supply air stream then
measures the corresponding rise in C£xoncentration downstream. The volume flow of air into which the
tracer is mixed can be calculated by the following relon:

EQUATION 1. VOLUME OF AIR INTO CO2 INTO SUPPLY AIRSTREAM, CORRESPONDING RISE IN CO2 CONCENTRATION
DOWNSTREAM

‘

This method has many advantages compared to conventional air balance techniques, the most significant of
which is accuracy.The tracer gas airflow tools used cameasurewith a calculated uncertainty of less than
+2%. The tracer gas measurement was condued across a range of fan speeds and operating conditions in
order to build an airflow map for the system in all possible scenarios. While it is often overlooked, the outside
air damper position can have a significant impact on supply airflow rates by chamg the overall airflow
resistance for the fan. The tracer gas measurements conducted here account for this characteristic by
measuring supply airflow across a range of damper positions and fan speeds.

A similar method was used to measure the outside airdction. While operating in each mode and fan speed
scenario, C@concentration was measured in the outside air and return air streams, then resultant
concentration of their mixture was measured in the supply air stream. The ratio of outside air to the tait

supply airflow can be determined according to a conservation of mass. The mass balance calculations can be
reduced toEquation 2:

EQUATION 2. MASS BALANCE CALCULAT IONS

oo " O0— —— 3

Figure 6 charts the airflow and outside air fraction maps developed for each of the three units. Plots in
Column A show supply airflow rates, and plots in Column B show outside air fraction. It shoule noted that
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Hybrid Rooftop AC with Dual Evaporative Pre -Cooling Performance Evaluation ET13SCE7090/ ET13SCE7120

while all three systems incorporate variable speed drives for the supply blower, both MC 412t and MC 1515
were field configured in a way that precluded the fan from changing speed with each mode of operation.
Since these two systems do na@hange fan speed, supply airflow rates were mapped as a function of outside
air damper position only. The outside air pathway for theRTUsevaluated has a higher resistance to flow than
does the return air pathway; as a result, supply airflow tends to deease when the outside air damper opens.
This trend is most obvious for M1515.

As recorded inFigure 6, while the nominal supply airflow rate for these three unitsvas specified at 5,000

cfm, they were each fieldconfigured to operate very differently. M1214, which serves the mall security

office, runs with a very low fan speed and supplies only 2,008cfm while M15-15 moves between 6,000

8,000 scfm depending on the outside air damper position. Neither machine changes fan speed with operating
mode.

The restaurant unit was the only installation configured to adjust fan speed with certain modes of operation.
Subsequently, supply airflow rate and outle air fraction for this system were mapped as a function of both

AAT OPAAA AT A AAI PAO PI OEOET 1 Results(&DisdugidnOSystetn@owkeDia © O O A A
the change in airflow rate does not correspond to compressor operation in the wa that one would expect.

AC7 operates at approximately 5,608cfmfor both first and second stage cooling, and drops to 3,8@@fm for

economizer mode, and for periods above 7% when the unit cycles between DX2 and economizer+DX1.

Further, none of the urits were configured to operate in a ventilationonly mode during periods when there is
no call for heating or cooling. Supply airflow rate and outside air fraction measurements were made for the
mode, but no units operated to provide continuous ventilatia throughout the course of observation.

Importantly, these airflow analysis also measure damper and cabinet leakage. When M12 and M1515

switch to economizer mode, only 65% of the supply airflow is drawn from outside, the remainder is drawn

from return air. AC7 operates with 90% outside air fraction in economizer mode. This does not achieve
#Al EZAlI OT EA " OEI AET ¢ %ZAZAZEAEAT AU 30AT AAOA OANOEOAI AT 6O O
dampers to supply 100 of the design supply air quantityas outsideAE Q6 | # %# ¢npcd8 4EEO AEARA
result of the baselineRTUconstruction, and installation practices, however the trend is worsened somewhat

by the added resistance from the ventilation cooling coil. When outside air dampers are fully sk,

approximately 5% of the supply airflow for these systems comes from outside.

Southern California Edison December 2015
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FIGURE 6: (A) SUPPLY AIRFLOW MAP AND (B) OUTSIDE AIR FRACTION AS A FUNCTION OF OUT SIDE AIR DAMPER POSITION (FOR

M12-14 AND M15-15) AND AS A FUNCTION OF FAN SPEED AND DAMPER POSITION (FOR M12-14 AND M15-15)
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CALCULATINEOOLINGCAPACITY

The systemcooling-capacity for the hybrid equipment is determined at any operating condition according to
the supply airflow rate and the specificenthalpy difference between the combined air streams entering the
system and the supply air stream, adescribed byEquation4. This is the net cooling produced by the
equipment, including the capacity from cooling by the water coil, anihcluding what is lost due to fan heat.

EQUATION 4. SUPPLY AIRFLOW RATE A ND ENTHALPY DIFFERENCE B ETWEEN AIR AND SUPPL Y STREAMS

O a 2010 Q

Where:

% EO OEA OPAAEAEA AT OF Ad parBmelerAhatdiged notpbyEiG &dsi 5 | EGAA /

Generally, the system coolingapacity for a conventionalRTUis measured by the difference between the

mixed air enthalpy and the supply air enthalpy. However, for the hybrid machine tested here, the ventilation

AEO OOOAAI EO AT T1AA AAAZEN OA EO aif cBrgifoOrepresddts thexAndbidgdl AEO8
enthalpy from all inlets to the equipment, and allovg for accounting of the cooling delivered byhe ventilation

cooling coil. Equation5A A1 AO1 AGAO OEA OPAAEAZEA A1 OEAI PU &£ O OEA OOE

EQUATION 5. CALCULATION OF SPECIF IC ENTHALPY FOR VIRTUAL MIXED AIR CONDIT ION

B/ 313 p /3! &

The room-cooling capacity, given byequation 6, is the cooling that is atually of service to the zoneThis
metric discountsthe portion of the systemcooling-capacity that goes toward cooling ventilabn air to the
room air condition. In the case when outside air is cooler than return air, rooreooling may be greater than
the system cooling(this should occur in any economizer mode)

EQUATION 6 ROOM-COOLING CAPACITY
O a 00 Q

Snce ambient humidity in most western climatesis low enough that dehumidification is not necessary to
maintain occupantcomfort in most commercial buildings the assessment presented here focuses on the
OUOOAIT 8 O rddick demsidle) coding ABHRAE 2010)Furthermore, sincethermostat controls for this
application only respond totemperature and do not control humidity, it is not appropriate tocredit any latent
coolingwhen consideringthe performance advantagef the duatevaporative pre-cooling system studied
here. The net sensiblesystemcooling capacityis determined according toEquation 7:

EQUATION 7. CALCULATING THE NET SENSIBLE SYSTEM COOLING CAPACITY

O a B OY Y
Concomitantly, the latent system cooling is determined as

EQUATION 8. DETERMINING THE LATENT SYSTEM COOLING

o
o
o

CALCULATINGEOEFFICIENT OPERFORMANCE

Energy efficiency at any given operating condition is expressed &g dimensionlessratio of useful thermal
capacitydelivered to electrical power consumed bythe systemz the COP

EQUATION 9. DETERMINING THE COEFFICIENT OF PERFORMANCE
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5

000U

Analysis in this report focuses on the sensible cooling generated by the equipment. This metric discounts the
enthalpy associated with reduced humidity. The Sensible Coefficient of Performance can be expressed as:

EQUATION 10. SENSIBLE COEFFICIENT OF PERFORMANCE

Os
C:z
C

Further, performance results are described both in terms of the Sensible Syst€b®R and the Sensible Room
COP The first metric considers the ratio of electricity consumed to the sum of sensibt®oling generated by
the machine. The second metric compares the electricity consumed to the sensible cooling effect on the room.

EQUATION 11. RATIO OF ELECTRICITY CONSUMED TO THE SUM OF SENSIBLE COOLING GENERATED BY THE MAC HINE

Os
C:z
C

EQUATION 12. COMPARISON OF ELECTRICITY CONSUMED TO THE SENSIBLE COOLING EFFECT ON THE ROOM
000U -

ANALYSI®FVENTILATIONAIR COOLINGPERFORMANCE

Since theventilation air mixes with return air immediately after passing through the water coiljt is not
practical to measure the average temperature of this product air stream with confidence. Instead, analysis of
the ventilation air cooling performanceis determined indirectly according toconservation of energy,
measurementof the water-side temperatures and the measured mass flow rates for water and ventilation air.
Since the water temperature for this system must always remain above the outside air wet bulb temperature,
it can be safely assumed that all heat transferred to the water stream correspdsito a sensible cooling effect
in the ventilation air stream. The resulting product air temperature can be calculated bysing Equation 13.

EQUATION 13. CALCULATING PRODUCT AIR TEMPERAT URE

o] o]

VY. 2

Water Out(a , Twe ou)

Product Air (& ,Tea) Outside Air Inlet (& , Tosa

Water In (& , Twein

FIGURE 7: SCHEMATIC FOR ENERGY BALANCE USED TO CALCULATE PR ODUCT AIR TEMPERATURE

CALCULATINGVET-BULBEFFECTIVENESSORVENTILATIONAIR COOLING

The wet bulb effectivenesdor the indirect evaporative coolingof the ventilation air is calculated accordingo

Equation 14. This metric represents the degree to which ventilation air is cooled toward the outside air wet

bulb temperature. It is calculated as theatio of the change in ventilationair dry-bulb temperature across the
water coil, to the wet-bulb depresdon of the outside air.
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EQUATION 14. CALCULATING VENTILATION AIR

7" %

CALCULATINGENSIBLEHEATEXCHANGERFFECTIVENESS

The sensible heat exchanger effectiveneswhich isthe most commonmetric to describeheat exchanger
performance, iscalculatedby using Equation 15.

EQUATION 15. CALCULATING SENSIBLE HEAT EXCHANGER EFFECTIVENESS

R AR
Ay o2 6 vo oas

R

Where:

= mass flow rate of the ventilation air stream

= specific heat capacity for air

= dry bulb temperature of outside air

dry bulb temperature of product air (outlet from the water coil)

Jy = smallerofd 2b and & 0

i a<dlien
1

water temperature at the inlet of the water coil

WATERUSEINTENSITY FOBRNERGYSAVINGS

The dual evaporative precooler studied here makes substantial gains for energy efficiency, but consumes
some water on site. Previous research suggests that site energy savings can offset upstream water
consumption from the generation ofelectricity, even to the extent that total net water consumed may be less
for evaporative cooling systems than for conventional air conditioners (Pistochini 2011, Torcellini 2003).
Determination of this balance is most sensitive to the water use intensitipr electricity generation, to the
energy efficiency improvement attributed to the measure, and to the rate of water use on site. The water use
intensity for energy savings is defined as

EQUATION 16. DETERMINING WATER USE INTENSITY FOR ENERGY SAVINGS

The volume water consumptionterm in this metric counts all of the water that is consumed by the
equipment. This includes the amount of water evaporated for cooling, plise amount of water drained for
bleed in order to manage water quality
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RESULTS& DISCUSSION

Monitoring for the three dual-evaporative pre-cooler systems studied here was conducted over 14 month
period from August 20137 October2014. However, theresults presented in this reportfocusmainly on data
from a singlerepresentative month of operation z September 2013 The month was selected because it
included observations over a wile range of ambient conditions, which allowed foclear analysis of the
characteristic performance for each systenacrossa manageable slice of timeThe extendeddata setfrom all
months of monitoring is available as a resource tdevelop robust empirical performance maps for eqgipment
performance in each modeand to validate modeling and simulation efforts for the equipment.

Although most of the results presented here focus explicitly on operation during September 2013, section

dComparison of Energy Use with and without the DiElaporative PreCoole6 AT | DPAOAO AAOA A£OT i 3
2013 with data from Septemberz October 2014, a period when the duaévaporative pre-cooler had been

disabled to establisha clear performancebaselinefor each unit. Table 6 summarizes the key results from this

comparison, including the hourly kwh savings across different temperature bins, the sensible COP, sensible
systemCapacity vettilation coil cooling effect, and hourly water consumption.

TABLE 6. SUMMARY OF KEY RESULTS

LL
L o
Q [To]
o (@]
(=} —
iy S
Lo (=]
(o)) —

Key Metric

M 12-14 Mall Security Offices

Baseline Avg. Hourly Energy (kWh) 6.10 7.35 8.22 9.50 10.69 12.26 13.80
Measure Avg. Hourly Energy (kWh) 2.40 3.82 5.11 5.59 6.04 5.98 6.93
Hourly kWh Savings (% 87% 63% 47% 52% 56% 69% 66%
Sensible SystenCOR(T) 21 23 2.3 2.3 2.4 23 2.2

Sensible System CapacitkBtu/hr) 59.7 63.8 67.2 69.1 69.6 68.8 64.2
6 A1 OE1 AGET T #IT El 34 NA NA NA NA NA NA NA

Hourly Water Consumption (gal) 0 2.1 3 11.5 18.4 27.2 37.8

Baseline Hourly Energy (kWh) 0.72 1.17 2.24 4.11 7.54 10.39 8.89
Measure Hourly Energy (kWh) 0.63 1.16 2.54 4.90 5.23 4.88 5.61
Hourly kWh Savings (%) 14% 1% -13% -18% 36% 72% 45%
Sensible System COR) 2.2 2.1 2.2 2.4 2.5 2.4 2.4
Sensible System Capacity (kBtu/hr) 71.3 67.9 71.9 75.9 81.8 79.9 80.8
6 A1 OEI AGEiI T #1 El =34 ()08 (-) 0.4 (-) 0.4 0.5 3.25 10.3 18.2
Hourly Water Consumption (gal) 0.1 1.2 4.1 6.3 12.2 17.9 37.8
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Baseline Hourly Energy (KWh) 9.49 11.40 12.26 12.73 13.22 13.27 14.15
Measure Hourly Energy (kWh) 6.32 8.66 10.36 10.63 11.44 12.2 12.41
Hourly kWh Savings (%) 40% 27% 17% 18% 14% 8% 13%
Sensible System COR) 2.0 2.5 3.3 3.6 3.7 3.6 3.8
Sensible System Capacity (kBtu/hr) 64.1 92.8 114 1294 140.6 148.1 159.3
6 AT OE1 AGET T #1T E1 a4 5.2 6.5 8.8 10.7 125 13.5 15.3
Hourly Water Consumption (gal) 0.2 5 17.5 23.2 26.3 27.3 30.8
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