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EXECUTIVE SUMMARY

Evaporative condenser pre-cooling expands the availability of energy saving, cost-
effective technology options (market engagement) and serves to broaden the range of options
in upcoming codes and equipment standards (impacting regulation). Commercially available
evaporative pre-coolers provide a low cost retrofit for existing packaged rooftop units,
commercial unitary split systems, and air cooled chillers. We map the impact on energy
savings and peak energy reduction in three building types (medium office, secondary school,
and supermarket) in 16 locations with four levels of pad effectiveness and show the effect for
HVAC systems using either refrigerants R22 or R410A (See Section 5.4).

EnergyPlus simulations are conducted with an improved algorithm for estimating the
condenser pre-cooling wet bulb efficiency. EnergyPlus version 5.0.0 provides an option for a
curve-fit form of calculating evaporative cooling efficiency (currently available only for
evaporative pads used for space cooling, not condenser precooling). This option requires a
large body of empirical data to obtain the 11 parameters required in the polynomial equation
and, being a general curve fit, it is also not physically meaningful. Our study departs from
this approach by presenting an alternative mathematical model that is physically intuitive,
simpler in form, and provides better agreement with manufacturer’s data.

In this report, we describe the simpler algorithm and provide the metrics that show how it
is an improvement over the algorithm used in EnergyPlus version 5.0.0. We then generate
performance values that can be directly input into EnergyPlus for simulations. By this
process, we examine the annual and peak energy reductions of three building types (medium
office, secondary school and supermarket) in 16 locations within the U.S. These three
building types were chosen because they have distinctive loads, zones, and equipment. In
addition to performing the requisite calculations, computer algorithms were developed for
use with EnergyPlus to simulate the performance of commercial units under a variety of
operating parameters. Performance maps were generated and estimated energy savings and
peak demand reductions were calculated. Performance curves that were used in these
EnergyPlus simulations were shared with the National Renewable Energy Laboratory
(NREL) and with the Florida Solar Energy Center (FSEC) for possible inclusion in the next
update to EnergyPlus.

From our present study we conclude that:

e Evaporative pre-cooling technology has the potential to be deployed immediately at scale
for annual power savings and peak power demand reduction in many parts of the country.

e Evaporative cooling expands the availability of energy saving, cost-effective technology
options (market engagement) and serves to broaden the range of options in upcoming
codes and equipment standards (impacting regulation). Commercially available
evaporative pre-coolers provide a low cost retrofit for existing packaged rooftop units,
commercial unitary split systems, and air cooled chillers.

e The polynomial curve-fit used in EnergyPlus needs a large amount of data to generate the
11 parameters used in the curve-fit equation, whereas the effectiveness-NTU expression
is much simpler, requires only two parameters and yields better accuracy than
EnergyPlus.

e The media thickness and face velocity are the two major factors that impact the wet bulb
efficiency.

Xi



e For adirect evaporative cooling process, the wet bulb efficiency is insensitive to variation
in water temperature, air entering temperature, and humidity. This implies that city water
supply, stored rainwater, or recycled water may be used without sacrificing efficiency.

e Energy savings are much greater with refrigerant R410A than they are with R22.

e Evaporative pre-cooling provides the opportunity for annual energy savings and peak
demand reduction.

Our analyses are based on three building types in 16 locations across the United States. In
order to gain a comprehensive picture of the energy and peak demand reduction potential of
this technology, this study should be expanded to 16 building types in all 16 locations
mentioned in a recent report (P. Torcellini, 2008). Such a comprehensive study has not been
undertaken, but our report has laid the necessary foundation for such an analysis. It is
expected that this technology would have attractive payback periods (from one to two years,
based on information provided by the manufacturer of EVAPORCOOQL) for certain portions
of the country. Annual savings are calculated on the basis of installing condenser pre-
cooling pad on an existing rooftop air conditioner. Actual savings may be more because
condenser pre-cooling generally increases cooling capacity and hence the replacement unit
may be downsized and cost less than the equipment it was replacing. The cost savings due to
equipment downsizing was not part of this study. It would be possible to produce a software
application which could be used by equipment owners, in which they would be able to enter
their own utility rates and determine expected payback periods for their locations.

Xii



1. INTRODUCTION

Evaporative cooling is a process that cools air through the simple evaporation of water. It is
best suited for climates where the air is warm and dry (low humidity) because both conditions
favor high rates of water evaporation that produces the cooling effect. Even in locations with
moderate humidity, evaporative cooling may be used effectively, especially in the commercial
and industrial sectors. In direct evaporative cooling, water is sprayed on a substrate that is placed
in the air stream to be cooled. This technique may be used to cool indoor as well as outdoor air.
Applied to outdoor air, the wetted media cools down the air entering the condenser coil and the
process is called evaporative pre-cooling. Pre-coolers save energy because the entering air to the
condenser coil is lower in temperature, reducing the lift imposed on the vapor compression cycle.
These systems have the potential to be deployed immediately at scale for annual power savings
and peak power demand reduction in many parts of the country at an attractive payback.

In a recent (2008) study (NREL/CP-550-43291) DOE developed a set of 16 benchmark
commercial buildings across 16 locations representing 70% of the commercial building space. In
this report we examine the benefits of evaporative pre-cooling in reducing annual energy
consumption and peak load reductions in rooftop air conditioning (AC) units ranging from 10 to
locations identified in the DOE study. These three building types were chosen because they have
distinctive loads, zones, and equipment.

In addition to performing these calculations, the necessary computer algorithms were
developed for use in EnergyPlus to simulate the performance of commercial units under a variety
of operating parameters. Performance maps were generated and estimated energy savings and
peak demand reductions were calculated. Performance curves that were used in these EnergyPlus
simulations were shared with the National Renewable Energy Laboratory (NREL) and with the
Florida Solar Energy Center (FSEC) for possible inclusion in the next update to EnergyPlus.
Utility rates from a representative subset of the 16 locations identified in the DOE benchmark
study allowed an estimate of simple payback periods and potential for wide scale adoption of this
technology for energy and peak load reductions in the commercial building space.

In this report, we analyze three building types (medium office, secondary school, and
supermarket) which are considered new construction for equipment sizing purposes. But what is
the impact on energy use for older buildings characterized as pre-1980 and post-1980 (as given
in the DOE commercial benchmark building database)? The impact of building generation is
examined in detail in the Appendix.






2. PRE-COOLING METHODOLOGY IN ENERGYPLUS

EnergyPlus is capable of simulating direct evaporative cooling for both indoor as well as
outdoor components. The parameter for gauging efficiency of the evaporative pre-cooling
process is the wet bulb (WB) efficiency, which is a measure of the drop in the dry bulb
temperature due to the evaporative process. The wet bulb efficiency, Eyp, is defined in Eq. (1) as

Tap,i-Tdb,o @)
Ewbz
Tap,i—Twb,i

where E,,;, is the wet bulb efficiency; Ty, ; and Ty, , are the entering and leaving air dry bulb
temperatures, respectively; and T, ; is the entering air wet bulb temperature. The maximum
possible wet bulb efficiency can be unity when the leaving air dry bulb temperature is cooled to
the entering wet bulb temperature. If the wet bulb efficiency is zero, the pad, substrate, or media
is dry and evaporative cooling is absent.

In EnergyPlus, evaporative cooling is treated as an adiabatic heat transfer process, following
a constant wet bulb temperature line in the psychrometric chart. The media geometry (thickness)
and the face velocity (the velocity of air entering the outer surface of the media) are major
independent variables that impact the wet bulb efficiency. Other factors like supply water
temperature, flow rate, and external heat to the water stream have relatively minor impact. For
direct evaporative cooling, EnergyPlus simulates the WB efficiency using a curve-fit polynomial
equation with media thickness (“Depth”) and face velocity (“Velocity”) as the independent
variables, as depicted in Eq. (2):

E,, = & +a,Depth+a,Velocity + a, Depth® + a,Velocity” + a, (Depth - Velocity)
+a, (Depth? -Velocity) + a, (Depth - Velocity®) + a, (Depth® -Velocity) + a,, (Depth? -Velocity®)  (2)
+a,, (Depth® -Velocity?)

The EnergyPlus curve-fit form of calculating evaporative cooling efficiency as given by
Eq. (2) requires a large body of empirical data to obtain the 11 parameters required in the
equation and, being a curve fit, is also not physically meaningful. Our study departs from this
approach by presenting an alternative mathematical model that uses only two parameters. It is
physically intuitive, is simpler in form, and provides better agreement with manufacturer’s data.






3. ALTERNATE MODEL FOR IMPORTATION INTO EnergyPlus

3.1 MODEL DEVELOPMENT APPROACH

The strategy of developing, testing, and comparing our alternate model against EnergyPlus
predictions for large tonnage AC rooftop units is composed of the following segments: First, we
synergize the work done by (J. E. Braun, S. A. Klein, J. W. Mitchell, 1989), (J. M. Wu,

X. Huang, H. Zhang, 2009a) and (J. M. Wu, X. Huang, H. Zhang, 2009b) on the theoretical
analysis and numerical investigation of heat and mass transfer in evaporative coolers to develop
a simple and accurate model for commercial evaporative pre-cooling units. Second, we
developed an algorithm whose output is imported into EnergyPlus to perform subsequent
calculations. Third, we used design of experiments methodology to develop a two-level matrix of
variables to ascertain the dominant variables and also to identify the variables that have a
minimal influence on the pre-cooling process. We have a total of nine variables, each at two
levels in the total matrix. Next, we perform simulations in EnergyPlus and then repeat those
simulations using our algorithm to compare both sets of simulation results versus manufacturer’s
data to verify the significantly better predictive quality of our calculations as judged by
agreement with manufacturer’s performance data. We also performed an Exergy (Second Law)
analysis of the evaporative cooling process to understand irreversibilities and how to improve the
process. Last, we have produced performance tables and curves that can be used to provide the
needed user-input to the current version of EnergyPlus. Development of a software module that
resides within EnergyPlus is certainly a future option for those who have the authority to update
EnergyPlus in newer versions to be released.

3.1.1 Model Description

Our model is based on the work of (J. E. Braun, S. A. Klein, J. W. Mitchell, 1989) who
presented an innovative effective-NTU approach to model a wide range of cooling towers and
cooling coils. Through detailed analytical work, Braun et al. (1989) treated the simultaneous heat
and mass transfer process between sprayed water and entering air as an enthalpy-potential-driven
process [see Eq. (3)], characterized by a Lewis Number of unity. Since the Lewis Number is
defined as the ratio of thermal diffusivity to mass diffusivity, a value of unity means that the
thermal and mass exchanges are of equal significance. Braun et al. (1989) proposed three new
operational concepts in their model of simultaneous heat and mass transfer process: (1) that the
heat and mass transfer rates are proportional to the difference of the enthalpy of saturated air at
the entering water temperature and the enthalpy of entering air [see Eq. (3)]; (2) introduced a
new parameter [see Eq. (4)], called the specific heat of saturated air, C,, which can be obtained
by averaging saturated air enthalpies at the entering and exit water temperatures; (3) defined the
ratio of saturated air specific heat flow rate to the water specific heat flow rate, m* as in Eq. (5)

Q = EH ' mair(H - Hair, i) (3)

s, water, i

[

4)
Cs

T=Twater



m* = : Mgir'Cs (5)
Mwater -CPyqter

where

total heat transfer rate,
enthalpy of saturated air at the entering water temperature,
air,i = enthalpy of entering air,

Ey = heat and mass transfer effectiveness, defined later in Eq. (7) (Braun et al.
(1989).

Q
s, water, i

H

H

With these three operational concepts, Braun, et al. defined the number of transfer units
(NTU) and the effectiveness Ey for evaporative cooling by a simple mathematical form. The
NTU and E both maintain the same form as that for sensible heat transfer applicable to a wide
range of counter, parallel and cross-flow geometries. Assuming constant water temperature on

| the surface of the wet media, we can get Ey, in the form of Eq. (7). Thus,

. (6)
NTU = h.a Asurface

MairCp 4,

- (7)
Ey = 2740 — 1 _ exp (—NTU)

Tdb,i_ Ts,water

where
h, = heat transfer coefficient between air and water stream,
Asurrace = heat transfer surface area, usually taken as the pad area,
Mg = mass flow rate of dry air,
., = SPecific heat of dry air at dry bulb conditions,

Tswater = Water surface temperature (constant).

It should be noted that Braun et al. (1989) defines the wet bulb efficiency, Ey, given by
Eq. (7) more generally than is described by E,,;, in Eq. (1). In the case of direct evaporative
cooling, if the amount of water that is sprayed is much less than the amount of water resident on
the pad, then T ,qer = Typ; and Ey becomes identical to E,,,,. In practice, we want the amount
of water sprayed on the pad to be small and, in fact, commercial equipment makers control water
supply very diligently to apply a fine mist, just enough to wet the pad surface area.

Under these conditions, Wu et al. (2009a) combined Eq. (1) and Eq. (7), taking Ts yqter =
Typ,; to yield

E,, =1—exp (—NTU) (8)

Further, Wu et al. (2009b) formulated the following equations for the air heat transfer
coefficient, h,, the surface area for evaporative cooling, A, rqce, and the air mass flow rate:



h, =ax V] ©)
Asurface =c X6 XAp (10)
Mair = Pair X Vair X Af (11)

where a, ¢, and m in Egs. (9) and (10) are constants specific to the pad, 6 is the pad thickness,
and p is the density of ambient air. Substituting m;,- from Eq. (11) in Eq. (6) gives the final
form for the NTU:

w5 (12)

. n
paLTXCPaiT-XVair

NTU =

where o and n are empirical constants specific to the pad.
An overall mass balance on water gives the water mass flow rate in terms of the humidity
ratios of the entering and leaving air, wg;,; and wg;,- , , respectively, given by

Myater = mair(wair,i - wair,o) (13)

Based on the approach of Braun et al. (1989) and Wu et al. (2009a, 2009b) our proposed
coupled heat and mass transfer model utilizes Egs. (3), (7), and Egs. (8)—(13) to solve for 11, 4ter
and T, qrer iteratively.






4. MODEL VALIDATION

In our model, the inputs are the entering air temperature and humidity, entering water
temperature, pad (media) thickness, and the frontal air velocity. The wet bulb efficiency is the
result of our calculations.

41 COMPARISON OF ENERGYPLUS AGAINST ALTERNATIVE METHODOLOGY
WITH MANUFACTURER’S DATA

Our approach to model validation is based on a comprehensive set of data on TURBOdek®,
a leading product line in commercial rooftop units. The data set consists of 13 levels of pad
thicknesses ranging from 1 in. to 24 in., frontal air velocity from 250 fpm to 900 fpm (12 levels)
and wet bulb efficiencies ranging from 17.5% to 99.6%. The 12 x 13 matrix of data points were
used to fit the coefficients from a;through a,; for the polynomial curve fit used by EnergyPlus
as depicted by Eq.(2), and to obtain the parameters o and n used in Eq. (12) by our model.

Our criteria for deciding goodness of a model is to demonstrate how closely the model
predicts empirical data gathered by the manufacturer. A good model will show small deviations
from actual field measurements. In our case, we have a matrix of 12 x 13 measurements to
compare predictions of our model and that of EnergyPlus against extensive field data.

Figure 1 compares the predicted deviations of the EnergyPlus polynomial curve-fit
calculations of the wet bulb efficiency and the effectiveness-NTU model versus manufacturer’s
data. The effectiveness-NTU method is significantly more accurate with prediction errors having
a standard deviation of 0.67% with maximum deviation of 2.9%. In contrast, EnergyPlus with
the polynomial curve-fitted equation has a standard deviation of 4% with a maximum deviation
of 31%. Prediction deviations are defined as [(Model Prediction — Manufacturer’s data) x
100]/Manufacturer’s data.
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Next we compare the predictions from the effectiveness-NTU model and the EnergyPlus
approach against manufacturer’s data over a wide range of face velocities. With EnergyPlus, big
outliers are observed at the upper and lower bounds of the face velocity, whereas for the
effectiveness-NTU approach (this work), the predictions are closer and uniformly distributed

across a wide range of face velocities even at the upper and lower bounds of face velocity. These
simulations are shown in Fig. 2.
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Fig. 2. Relative deviations from manufacturer’s data predicted by the effectiveness-
NTU model (this work) and EnergyPlus.

In predicting necessary pad thickness, the effectiveness-NTU method provides much better
predictions than EnergyPlus as shown in Fig. 3.
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Fig. 3. Prediction of pad thickness from EnergyPlus and from the effectiveness-NTU
model (this work) and comparison with manufacturer’s data.

On the basis of these comparisons we conclude that the effectiveness-NTU model is simpler,
and yet gives much better agreement with manufacturer’s data than the approach used in
EnergyPlus for evaporative cooling. The current EnergyPlus requires constant wet bulb
efficiency for modeling condenser evaporative pre-cooling at each equipment speed. So our
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effectiveness-NTU model can be an efficient tool to predict the wet bulb efficiency as an input to
EnergyPlus, based on the actual pad geometry and condenser frontal air velocity.

Hence, we have an improved algorithm whose output is readily imported into EnergyPlus to
proceed with its simulation. Development of a software module that resides completely within
EnergyPlus and has pad thickness and face velocity as user-adjustable inputs could be a useful
option, if the EnergyPlus Development Team deems it desirable in a future upgraded version of
the software. Upgrading EnergyPlus, and the time frame in which the upgrade should be
accomplished is at the discretion of the EnergyPlus Development Team.

4.2 SECOND LAW EFFICIENCY

The value of availability destruction is the measure of the second law efficiency. Following
the procedure outlined by (Warke, 1995), it should be noted that the availability calculations
entail both thermo-mechanical as well as thermo-chemical terms and is given by

W = (Cp, +&Cp,)(T ~T, ~T, In Tl)+(l+l.608a))RTo |nP3+
0 0

(14)
RT,[(1+1.6080) In " 10%8%0 1 gog,,n 1008
1+1.60

@ 1.608w,,

where Cp, and Cp, are dry air and water vapor specific heats, respectively; @ and @, are the

wet air specific humidity and environment air humidity, respectively; R is the gas constant of

dry air (kJ/kgeK); P, is the environmental dead state air pressure; and P is the air pressure.
The availability of the water stream that is sprayed on to the pad is given by

Y water = (H .7 H f,TO)+Vf,T (P - psat,T)_TO(Sf,T - Sf,TO) - RTo In(RHo) (15)
where
Vv ; = water specific volume;
P and p,; = water pressure and saturated pressure at the water temperature;
H,.and H , = specific water enthalpies at the water temperature and the environment

temperatures, respectively;
s;rand s; , = specific water entropies at the water temperature and the environment

temperature, respectively;

T, = environment temperature [K];
R = gas constant [kJ/kgeK] of water;
RH, = environment (dead state) air relative humidity (dimensionless).

Since water is an incompressible liquid, the second term on the right hand side of Eq. (15),
Vi 1 (P - pg, 1) is small and may be ignored.

The expression for availability destruction per unit mass of entering dry air is given by
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icv = l//air,i + (a)o - a)i)l//water,i - Wair,o (13)

For evaporative pre-cooling, since the entering air is from the environment (dead state), its
availabilityy; ; is taken as zero. The availability destruction through the mixing process would

be between the water stream and the cooled air leaving the condenser given by (@, — @)V uer
and w, , , respectively.
Finally, the Second Law inefficiency is given by

Second Law Inefficiency = Lo (14)
l//air,i + (a)o - a)i)l//water,i

Therefore, inefficiency calculated by the Second Law is derived from Eq. (14). Conversely,
the Second Law efficiency is just 100 minus the Second Law inefficiency.

4.3 PARAMETRIC STUDY

We utilize the effectiveness-NTU approach to investigate the influence of certain process
variables on the wet bulb efficiency, the water evaporation rate, and the Second Law losses. For
the parametric study both parameters in the NTU expression in Eq. (12) are fitted using the
TURBOdek® data.

4.3.1 Influence of Spray Water Temperature

Water for pre-cooling may come from the city supply line, an underground source, a rain
water storage tank or by some other means. Therefore, it is important to establish how water
temperature may impact the pre-cooling process.

As an example, we fix the entering air temperature at 35°C, RH at 20% (corresponding to a
wet bulb temperature of 18.9°C), air face velocity at 500 ft/min (2.54 m's™), pad thickness at
6 in. (0.152 m) and vary the entering water temperature from 10 to 45°C to cover the range from
below the entering air and WB temperatures. The results from these simulations shown in Fig. 4
suggest that the pad surface temperature is a very weak function of the entering water
temperature because it varies slightly, from 18.8 to 19.11°C when the entering water temperature
varies from 10 to 45°C. Note that the pad water temperature remains the same as the air WB
temperature when the entering water temperature is also at the same value (18.8°C).

Figure 5 shows the relationship between entering water temperature on the pad wet bulb
efficiency and Second Law losses. It can be seen that the wet bulb efficiency drops slightly from
71.4% to 69.9% with increasing entering water temperatures, while the Second Law loss is not
sensitive to the entering water temperatures. It is interesting to observe that the water evaporation
rate is fairly constant over this wide range of entering water temperatures. This indicates that the
water consumption rate should essentially remain constant with different entering water
temperatures. The customer may choose the most cost-effective water supply available—city
supply, rainwater, or stored water.
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Fig. 5. Variation of WB efficiency, water evaporation rate, and Second
Law losses as a function of entering water temperatures.

4.3.2 Influence of Ambient Air Relative Humidity

Low humidity or, equivalently, a large difference between the entering air WB and dry bulb
(DB) temperatures favors evaporative pre-cooling. But how efficient is evaporative pre-cooling
when the humidity is high, and what possible ranges of humidity can the process be carried out
efficiently? Fig. 6 shows how much the DB temperature decrease may drop with increasing
humidity. As RH increases, the effect of pre-cooling is diminished and the drop in DB
temperature decreases. Simultaneously, due to the higher humidity, the evaporation rate also
decreases. Fig. 7 shows the wet bulb efficiency and the Second Law losses with RH. While the
wet bulb efficiency remains constant, the Second Law losses increase gradually with increasing
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RH. Hence manufacturers may claim the same wet bulb efficiency, regardless of the climate
zone, even though, as this suggests, the decrease in DB temperature drop may be quite dramatic
as RH increases.

4.3.3 Influence of Varying Entering Air Temperature at a Fixed Humidity Ratio

Considering a typical day when the air DB temperature changes noticeably but the humidity
ratio remains essentially constant, we examine the effect of changing RH on the pre-cooling
effect by choosing a reference point for the entering air as 35°C and 40% RH which corresponds
to a humidity ratio, v = 0.01414 (kg H,O/kg dry air). If we fix w at this value and vary the
entering air temperature from 20°C to 45°C then the corresponding RH varies from 96% to
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23.5%, respectively. Therefore, when the entering air is at 20°C, o = 0.01414, it is quite
saturated with a RH = 96%, and when the entering air is at 45°C, w = 0.01414, it is quite dry
with a RH = 23.5%. Fig. 8 shows the temperature drop of the exiting air after pre-cooling when
the entering air and water temperatures change between 25°C and 45°C at = 0.01414. At low
entering air temperatures( for example, 20°C or 25°C) the relative humidity is high and hence the
cooling effect (expressed as the temperature drop) is small. At higher temperatures 40-45°C, the
entering air is relatively dry (low humidity) and therefore, the pre-cooling effect is much larger,
of the order of 10-13°C. As expected, the water evaporation rate at higher temperatures is also
greater because the water evaporation rate increases as the entering air RH decreases at fixed
entering water temperature. The pre-cooling effect would be most significant between 1 and 3
p.m. when the air temperature is high and RH is low. Also note that the pre-cooling effect
(temperature drip) comes at the expense of water consumption.
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12+ 0.012

10} 0.01

sl Air Temperature Drop 0.008

+0.006

Temperature Drop [C]

Water Evaporation Rate [kg/s] 40.004

+40.002
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Air Entering Temperature [C]
Fig. 8. DB temperature drop as a measure of pre-cooling at various
entering air temperatures at the fixed humidity ratio. Reference

condition for entering air is taken at ® = 0.01414, corresponding to
40% RH at 35°C.

The effect of increasing the entering air temperature from 20°C to 45°C at the same level of
humidity ratio, @ = 0.01414 on the WB efficiency and the Second Law losses are shown in
Fig. 9. Higher entering air temperature promotes the efficiency for both heat and mass transfer
resulting in an increase of the WB efficiency and a decrease in Second Law losses.

4.3.4 Influence of Face Velocity

In contrast to the factors considered above, which have smaller effects on the wet bulb
efficiency, face velocity and especially pad thickness influence the WB efficiency to a larger
extent. Here, we arbitrarily fix the pad thickness at 6 in. (0.152 m), the entering air state point at
35°C and RH = 20%. With an entering air face velocity of 3 m/s as the datum point, we run
simulations of varying the face velocity from 30% up to 200% of the datum point value. The
effect of face velocity on the WB efficiency and the Second Law loss is shown in Fig. 10.
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The reason why the WB efficiency increases with a low face velocity is because, for a fixed
pad configuration, a smaller mass of air is cooled than would be the case if the face velocity was
higher. Fig. 10 indicates that varying the face velocity from 30% to 200% from the datum level
changes the WB efficiency by 10%. The Second Law losses increase with increasing face
velocity because the total entropy of mixing increases (higher mass of air at higher face
velocity), indicating a less efficient heat and mass transfer process.

4.3.5 Influence of Evaporative Pad Thickness
Pad thickness has a big impact on WB efficiency. Starting with a pad thickness of 6 in.

(0.1524 m), face velocity set at 500 ft/min (2.54 m's™), entering water and air set at 35°C, and air

16



RH set at 20%, the pad thickness is varied from 20% to 180% of the starting valve (0.152 m) and
the WB efficiency and the Second Loss computed for that range of pad thickness.

Figure 11 shows that the WB efficiency increases with pad thickness. For very thin pads, the
surface area is inadequate to allow sufficient evaporation—hence the pre-cooling effect is
mitigated, resulting in a low WB efficiency. An increase in pad thickness allows more surface
area for the water to evaporate, augmenting the WB efficiency. For small pad thicknesses, the
Second Law inefficiency can be as large as 90%, signaling an inefficient heat and mass transfer
process.
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Fig. 11. Pad thickness significantly influences WB efficiency
and Second Law losses.

44 SUMMARY OF PARAMETRIC STUDY

e The effectiveness-NTU method by Braun et al. (1989) and Wu et al. (2009a, 2009b) is a first
principles, comprehensive approach and provides closer agreement with manufacturer’s data
than the curve-fit polynomial approach in EnergyPlus (Version 5.0.0). We have shown
unequivocally that the effectiveness-NTU approach provides significantly closer agreement
with manufacturer’s data than the EnergyPlus curve-fit approach does.

e The polynomial curve-fit used in EnergyPlus needs a large amount of data to generate the
12 parameters used in the curve-fit equation, whereas the effectiveness-NTU expression is
much simpler, requires only 2 parameters, and yields better accuracy than EnergyPlus.

e [For adirect evaporative cooling process, the wet bulb efficiency is insensitive to variation in
air entering temperature and humidity and essentially insensitive to entering water
temperature.

e The media thickness and face velocity are the two major factors that impact the wet bulb
efficiency. For equipment having a fixed media geometry and constant air flow rate, it is
reasonable to specify (fix) a wet bulb efficiency.
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5. APPLICATIONS

Commercially available evaporative pre-coolers offer an opportunity for low cost retrofit for
many existing packaged rooftop units, commercial unitary split systems, and air cooled chillers.
Location and building-specific projections of energy savings and peak load reductions can
encourage adoption and thus promote greater market penetration. It may also support
consideration of building code changes that could mandate use of this technology for particular
building types and climate zones. DOE’s Commercial Building Integration Program’s stated goal
is to influence the energy performance of three billion square feet of commercial space per year
by promoting the market penetration of a low-cost but effective technology to increase energy
efficiency. Evaporative pre-cooling is an option that can impact a large section of the
commercial market with a single technology, thus addressing DOE’s goals of achieving “speed
and scale.”

5.1 DOE BENCHMARK COMMERCIAL BUILDINGS AND LOCATIONS

DOE selected 16 building types classified as benchmark buildings that represent most of the
commercial building stock, across 16 locations (representing all U.S. climate zones,
NREL/CP-550-43291). In this study, we examine the effect of pre-cooling technology in three of
the 16 building types in all 16 locations to gain an understanding of the extent to which annual
and peak energy reductions are realistically possible. Descriptions of these buildings reside
within the supplied EnergyPlus input files. The output from our effectiveness-NTU model was
input to EnergyPlus, which performed the simulations for the various buildings in the particular
climate zones, as the current EnergyPlus requires a constant wet bulb efficiency for modeling
condenser evaporative pre-cooling at each equipment speed

5.2 SELECTION OF THREE BUILDING TYPES
We selected a medium office, a secondary school, and a supermarket for the three building
types because they have very different equipment sizes, load profiles, zones, and uses. The

building characteristics are shown in Table 1.

Table 1. Three benchmark commercial buildings selected for this study

Building F|0(()fl;2:’;ll’ea Nufrlgkéi; of Zones DX coils ?;i'tg?,
Medium office 54,000 3 15 3 units, 2-speed 1.33
Secondary school 210,000 2 46 5 units, 1-speed 1.5
Supermarket 45,000 1 6 6 units, 1-speed 1.2

In addition to the three building types, our simulations covered three building generations
(new, pre-1980, and post-1980) and two refrigerants (R-22 and R-410A) in 16 climate zones. For
retrofit applications, the pad is directly added to the original rooftop unit sizes selected by
Energy Plus as equipment upgrades. It shall be noted that this report only investigates the retrofit
applications; possible equipment size reductions (and any equipment first cost savings) due to
the precooling effect are not taken into account.
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Building types represent different load distributions. For example, in Phoenix, Arizona, the
load profile in a medium office building is different from that in a supermarket as shown in
Fig. 12 and Fig. 13, respectively. In cold weather, when the ambient temperature is low, the load
in the supermarket is practically zero (no cooling needed, only perhaps heating), whereas in the
medium office building heating and cooling may be needed depending on the zones in the
building because the loads in the exterior portions are different from that in the interior portions.
Most of the cooling load in the supermarket is in the hotter months, whereas in the medium
office building, the cooling loads are distributed over more temperature bins.

Capacity Delivery Distribution in E+ w/o and w Precool
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Fig. 12. Medium office building in Phoenix, Arizona: Percentage of annual building load that is delivered in
each temperature bin.
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Fig. 13. Supermarket in Phoenix, Arizona: Percentage of annual building load that is delivered in each
temperature bin.
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Using EnergyPlus, we estimate the annual power savings for R-410A rooftop equipment in
Phoenix, AZ for the three classes of buildings: medium office, secondary school and
supermarket, as shown in Fig. 14. Due to the different load profiles, the annual savings vary
according to building type. Fig. 14 further exemplifies the benefit of using pre-cooling
technology. Relative to no pre-cooling, the percentage of annual energy savings can be as high as
23% with a WB efficiency of 0.7 or as much as 27% with a higher WB efficiency of 0.9 (where
many pre-cooling units operate). The decision to operate at a specific WB efficiency depends
largely on the pad thickness and face velocity as discussed above and these are operating
variables available to the HVAC engineer.

30%
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mEwb=0.5
15%
mEwb=0.7

10% Ewb=0.9

5%

% of Annual Energy Saving - Relative
to w/o Preccoling

0%

Medium Office Secondary School Supermarket

Fig. 14. Annual savings depend on the building type and the WB efficiency.

5.3 EFFECT OF REFRIGERANT TYPE

Older rooftop units use R-22 while newer models utilize R410A. We examined the effect of
refrigerant type on annual energy and peak power reductions for a medium office building with a
two-speed rooftop unit and WB efficiency of 0.7 in 16 climate zones as shown in Fig. 15 and
Fig. 16. Clearly, the largest benefits are derived with the R-410A refrigerant in hot and dry
climates. However, note that even in hot and humid climates such as Houston, Texas, the
benefits with R410A are significantly higher than it is for R-22.

The effect of refrigerant type can be understood by noting that R410A condensing pressure
operates near the critical region (where the refrigerant liquid and vapor become identical) and
any lowering of the condenser temperature (as would be the case of evaporative cooling) causes
the two-phase isotherm to move downwards from the apex of the critical region enabling the
system to increase its cooling capacity and efficiency. In other words, the refrigerant operates
over a larger enthalpy change across the two-phase region, resulting in improved overall
condenser heat transfer effectiveness, and hence can reject more heat to the ambient for the same
mass flow rate. Consequently, precooling has a more beneficial effect on energy savings for
R410A systems, as compared with R22 units.
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Fig. 15. Annual energy savings for a medium office building with two-speed unit and WB efficiency fixed at
0.7 in all 16 climate zones.
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Fig. 16. Peak power reduction for a medium office building with two-speed unit and WB efficiency fixed at
0.7, in 16 climate zones.

5.4 ANNUAL ENERGY SAVINGS AND PEAK POWER REDUCTION
OF 3 BUILDING TYPES IN 16 CLIMATE ZONES

Evaporative cooling expands the availability of cost-effective technology options (market
engagement) and serves to broaden the range of options in upcoming codes and equipment
standards (impacting regulation). Commercially available evaporative pre-coolers provide a low-
cost retrofit for existing packaged rooftop units, commercial unitary split systems, and air cooled
chillers. We map the impact of energy savings and peak energy reduction in the 3 building types
(medium office, secondary school, and supermarket) in 16 locations with a fixed pad thickness
(giving an effectiveness of 0.816) and show the effect of both refrigerants, R22 and R410A.
Simulations are performed with EnergyPlus. In each of the three building types, there is tangible
opportunity to reduce annual energy and peak power consumption if pre-cooling is used and if a
switch is made from R-22 equipment to R-410A equipment. The selected pad wet bulb
effectiveness of 0.816 was calculated using the newly proposed Effectiveness-NTU model. We
chose the Munter’s TURBOdek® pad with depth of 7.28 in. (in the manufacturer’s standard
8”-thick assembly for commercial applications). The air frontal velocity was selected as
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250 fpm, which was the actual data according to the 10-ton unit in the Lennox STRATEGOS
product series used in the analysis. Inputting the calculated wet bulb efficiency into EnergyPlus,
we obtain annual energy savings and peak power reductions as shown in Tables 2—4 below.

In addition to the above simulations of annual energy savings and peak power reductions
based on available commercial products on the market, we completed numerous parametric
studies for the three commercial buildings with three building generations (new, pre-1980 and
post-1980) in all 16 locations. Our extensive simulations covered 3 wet-bulb efficiencies (0.5,
0.7, and 0.9); two refrigerant types (R-410A and R-22); cyclic effects; two-speed and single-
speed equipment; and part load performance at reduced indoor air flow. The conclusions were
that building type, climate, refrigerant, and evaporative precooling pad design have a dominant
effect on annual energy savings, peak load reduction and water use, whereas factors like single-
or two-speed compressors, cyclic effects, etc have a nominal impact, with respect to relative
annual energy savings and peak power reductions. For additional details please see Appendices.

Table 2. Medium office building: Annual energy savings and peak
power reduction for 16 cities

Annual energy saving Peak power reduction
R410A R22 R410A R22
equipment equipment equipment equipment

Albuguerque, New Mexico 16.1% 5.1% 29.5% 18.4%
Los Angeles, California 4.2% -0.5% 6.7% 1.8%
Atlanta, Georgia 6.9% 1.9% 22.1% 14.9%
Baltimore, Maryland 7.0% 2.0% 12.7% 6.7%
Boulder, Colorado 14.8% 3.9% 34.4% 20.4%
Chicago, Illinois 8.1% 2.2% 12.6% 4.7%
Duluth, Minnesota 6.1% 0.5% 15.2% 7.9%
Fairbanks, Alaska 6.8% -0.5% 13.5% 4.2%
San Francisco, California 4.6% -0.9% 27.8% 16.3%
Helena, Montana 13.0% 2.8% 29.4% 17.7%
Houston, Texas 7.8% 3.0% 15.4% 8.9%
Miami, Florida 7.1% 2.5% 13.3% 8.0%
Minneapolis, Minnesota 7.3% 1.6% 13.0% 6.8%
Phoenix, Arizona 24.2% 13.3% 38.0% 30.5%
Seattle, Washington 6.1% -0.2% 17.6% 7.5%
Las Vegas, Nevada 26.0% 13.5% 39.0% 29.7%
Average 10.4% 3.1% 21.3% 12.8%
Max 26.0% 13.5% 39.0% 30.5%
Min 4.2% -0.9% 6.7% 1.8%
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Table 3. Secondary school building: Annual energy savings and peak
power reduction in 16 cities

Annual power saving Peak power reduction
R410A R22 R410A R22
equipment equipment equipment equipment

Albuquerque, New Mexico 18.8% 6.7% 29.8% 17.1%
Los Angeles, California 6.8% 0.7% 12.3% 2.5%
Atlanta, Georgia 9.3% 3.0% 15.6% 9.5%
Baltimore, Maryland 9.5% 3.4% 12.3% 7.7%
Boulder, Colorado 18.7% 6.2% 31.2% 17.9%
Chicago, Illinois 9.9% 3.2% 11.6% 6.5%
Duluth, Minnesota 9.4% 2.2% 9.4% 3.1%
Fairbanks, Alaska 11.5% 1.6% 20.2% 6.4%
San Francisco, California 10.5% 2.0% 22.1% 11.2%
Helena, Montana 17.7% 6.0% 25.2% 14.4%
Houston, Texas 8.3% 3.0% 11.2% 6.7%
Miami, Florida 6.7% 2.1% 9.5% 4.8%
Minneapolis, Minnesota 9.1% 2.6% 10.8% 4.8%
Phoenix, Arizona 24.6% 13.5% 31.7% 25.2%
Seattle, Washington 10.2% 1.8% 14.8% 5.5%
Las Vegas, Nevada 26.9% 14.4% 34.2% 25.1%
Average 13.0% 4.5% 18.9% 10.5%
Max 26.9% 14.4% 34.2% 25.2%
Min 6.7% 0.7% 9.4% 2.5%
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Table 4. Supermarket: Annual energy savings and peak power reduction in 16 cities

Annual power saving Peak power reduction
R410A R22 R410A R22
equipment equipment equipment equipment

Albuguerque, New Mexico 19.2% 7.3% 26.2% 16.0%
Los Angeles, California 6.5% 0.7% 8.1% 2.7%
Atlanta, Georgia 8.9% 3.2% 20.7% 13.4%
Baltimore, Maryland 9.5% 3.7% 12.2% 6.0%
Boulder, Colorado 18.7% 6.6% 31.0% 19.1%
Chicago, Illinois 9.7% 3.5% 18.1% 11.0%
Duluth, Minnesota 6.0% 0.7% 15.2% 7.1%
Fairbanks, Alaska 6.5% -0.3% 17.4% 8.0%
San Francisco, California 9.9% 1.9% 27.2% 15.7%
Helena, Montana 17.7% 6.1% 32.1% 18.6%
Houston, Texas 9.1% 4.1% 13.0% 7.6%
Miami, Florida 7.3% 2.7% 10.4% 4.9%
Minneapolis, Minnesota 8.4% 2.6% 10.7% 5.8%
Phoenix, Arizona 26.4% 16.0% 37.0% 29.4%
Seattle, Washington 10.7% 2.5% 28.3% 18.4%
Las Vegas, Nevada 28.8% 16.7% 37.0% 27.6%
Average 12.7% 4.9% 21.5% 13.2%
Max 28.8% 16.7% 37.0% 29.4%
Min 6.0% -0.3% 8.1% 2.7%

5.5 WATER CONTROL STRATEGIES

In Section 4.2.1 we stated that the pad surface temperature is a very weak function of the
entering water temperature and hence water for pre-cooling may come from a variety of sources
such as the city supply line, an underground source, rain water, or from a storage tank. The
important point to remember is that the amount of water sprayed on the pad should be a small
fraction of water that actually resides on the pad. In order to get the desired cooling and conserve
water, equipment manufacturers have devised several water control strategies. Evaporcool™
(Evaporcool, 2010) uses a proprietary precision control process called SmartSpray™ to optimize
efficiency and conserve water by automatically adjusting the water dispersion rate in response to
changes in the weather and HVAC performance. With this system, Evaporcool™ states that one
nozzle uses approximately 0.248 gal/h at conditions of 97.5°F, 30% RH, and 60 psi supply
water. The size of the condenser coil determines the number of nozzles required. A rooftop unit
may have anywhere from 1 to 10 nozzles.

In our study, we demonstrate that condenser evaporative precooling is most efficient when
ambient temperatures are high and relative humidity is low. So, an alternative way for saving
water while still benefiting from evaporative pre-cooling is to turn on the water supply only at
high ambient temperatures, although this strategy would not result in as much annual and peak
energy reductions as would be the case if pre-cooling was deployed at all DB temperatures.
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6. ECONOMICS

The economics of condenser evaporative pre-cooling is driven by the climate, refrigerant,
equipment vintage, utility rate structure, control strategy, and equipment costs. These factors are
considered in our analysis of equipment. Since we are not privy to equipment cost structure, we
relied on payback figures communicated to us from EVAPORCOOL. They provide systems for
Carrier and Trane units. EVAPORCOOL reported (Elster) that the return on investment for their
customers varies from 11 to 24 months depending on electrical rates, equipment conditions,
climate, and level of customization of filter pad equipment.

6.1 UTILITY RATE STRUCTURE

The electricity rate structure for each city is complex because of the way electricity is
distributed and the fact that more than one county may be included within a city. For example, in
Atlanta, Georgia, there is a base charge and a metered charge. The base charge is a flat rate of
$15.00 plus a metered charge of $6.87 per kilowatt (demand). For Seattle, Washington, the base
rate is $0.71 per meter per day plus a metered charge of $1.22 per kilowatt (demand) for 50—
1000 kW (medium business) plus $0.06 per kilowatt-hour consumed. For Phoenix, Arizona, the
base charge is $0.672 per day for self-contained meters plus $9.60 per kilowatt for the first
100 kW, plus $0.10 per kilowatt-hour for the first 200 kWh in May through October and
$0.09 per kilowatt-hour for the first 200 kWh in November through April. In Houston, Texas,
residents and businesses choose a transmission and distribution service provider who charges for
“pass through” which includes actual usage plus kilowatt consumption. For Houston, the base
rate is $7.90 monthly plus $0.11/kWh.

Because of the complex electricity rate structure, we utilized the figures published by the
Energy Information Agency (EIA) (see Table 5). The economic analysis presented in the next
section is developed from the utility rate structures described in this section. Highlighted values
were the ones used in our analysis.

Water rates for seven cities are listed in Table 6 along with the sources from which the
information was obtained. Like electricity, water rates have a complex structure.

6.2 ANNUAL ELECTRICITY SAVINGS AND COST OF WATER

In our analysis, savings are relative to the baseline equipment without pre-cooling. The
variables in the relative savings analysis are the type of building, the pad wet bulb efficiency, the
utility rates, the equipment COP and the type of refrigerant. Percent savings represents the
annual operating cost savings with pre-cooling (taking into account the cost of water and
pumping costs) relative to the cost of operating the same equipment without pre-cooling. One
water conserving strategy is to use water for evaporative cooling only when the dry bulb
temperature exceeds 90°F (32.2°C) instead of using it at all temperatures during the cooling
season. We examine this option as well. Our findings are summarized below.
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Table 5. Electric rates in various cities

Average retail price of electricity to ultimate customers by end-use sector
o (cents per kilowatt-hour)
Cer;sl,‘]u; Stgltlglon Residential Commercial Industrial Transportation All sectors
May May May May May May May May May May
2010 2009 2010 2009 2010 2009 2010 2009 2010 2009

New England 16.53 [17.92 |14.48 1493 |125 1321 |8.43 7.04 1466 |15.48
Connecticut 20.08 [21.08 |[16.7 16.49 14.36 16.28 13.29 10.76 17.67 18.19
Maine 15.48 1519 |12.11 1192 |84 9.25 - - 12.02 12.21
Massachusetts 15.04 |17.72 |14.17 15.07 13.38 13.76  |5.98 5.2 1414 |15.41
New Hampshire 16.36 16.59 [13.93 15.15 12.43 13.7 - - 14.56 15.42
Rhode Island 15.2 1491 |12.32 13.24 11.91 12.15 1207 |- 13.32 13.56
Vermont 15.7 15.08 |13.51 13.05 |9.25 9.05 - - 13.13 12.73
Middle Atlantic 16.16 (1494 |13.87 12.85 |8.46 8.39 13.02 13.04 |1353 |12.64
New Jersey 16.13 16.17 |13.66 13.77 11.59 11.64 12.52 12.3 14.27 14.23
New York 19.1 1722 |16.32 1426 | 9.58 10.86 14.92 14.42 16.49 14.91
Pennsylvania 134 12.05 |10.21 |9.84 7.59 6.95 7.46 8.72 10.33  |9.59
East North Central 11.8 1147 |9.15 9.08 6.47 6.8 6.71 9.29 9.01 9.04
Ilinois 11.96 1213 | 7.94 8.33 7.48 7.37 6.46 8.94 9.05 9.24
Indiana 9.98 10.04 |8.24 8.28 5.71 5.78 10.1 9.77 7.49 7.62
Michigan 1284 |11.98 |10.64 |9.6 7.29 7.86 10.88 10.87 10.23  |9.82
Ohio 11.68 1121 |9.81 10 6.19 6.97 9.66 1272 |8.95 9.26
Wisconsin 12.71 12.02 |9.82 9.41 6.56 6.6 -- - 9.5 9.15
West North Central 10.05 |9.57 7.84 7.43 5.61 5.64 6.57 6.72 7.79 7.58
lowa 11.03 10.26 |7.75 7.28 5.11 4.86 -- - 7.42 6.99
Kansas 10.34 |9.91 8.24 7.98 6.11 6.22 - - 8.18 8.07
Minnesota 10.45 1017 |8.13 7.68 5.81 6.27 7.74 7.66 7.97 8.03
Missouri 9.79 9.27 7.69 7.15 5.32 5.38 5.13 5.56 7.88 7.55
Nebraska 9.14 8.69 7.6 7.31 5.73 5.57 -- - 7.36 7.11
North Dakota 8.49 8.28 7.1 6.98 6.25 5.93 - - 7.21 7.07
South Dakota 9.34 8.86 7.59 7.2 5.99 5.67 - - 7.88 7.49
South Atlantic 11.21 1134 |9.28 9.6 6.45 6.64 9.81 13.14 |9.48 9.76
Delaware 14.81 1475 |11.49 1251 |9.45 9.18 7.39 - 12.1 12.39
District of Columbia 13.58 1272 |14 13.6 8.4 9 10.64 |19.11 13.73 13.52
Florida 11.56 12.18 |9.96 10.7 8.6 9.17 9.07 10.56 10.63 11.3
Georgia 10.26 |9.94 8.89 8.64 5.86 5.89 7.64 6.75 8.6 8.46
Maryland 14.6 15.03 |11.42 1247 |9.36 10.24 10.77 13.59 1244 |13.19
North Carolina 104 10.13 |8.08 7.75 6.03 5.77 7.18 6.81 8.45 8.23
South Carolina 10.55 10.36 |8.59 8.46 5.49 5.81 - - 8.07 8.19
Virginia 10.83 1111 | 7.67 8.32 6.67 6.97 7.79 8.74 8.6 9.1
West Virginia 8.92 8.06 7.63 6.82 5.73 5.44 8.71 7.41 7.23 6.68
East South Central 9.93 9.79 9.34 9.18 5.77 5.86 11.81 11.18 |8.04 8.08
Alabama 11.03 1044 11037 |9.7 6.1 5.98 - - 8.85 8.59
Kentucky 8.67 8.51 7.72 7.47 5 4.86 - - 6.49 6.4
Mississippi 10.58 10.61 9.51 9.7 6.29 6.72 - -- 8.7 8.99
Tennessee 9.49 9.68 9.58 9.71 6.4 6.81 11.81 11.18 |851 8.78
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Table 5. (continued)

Average retail price of electricity to ultimate customers by end-use sector
o (cents per kilowatt-hour)
Cer;sl,‘]u; Stgltlglon Residential Commercial Industrial Transportation All sectors
May May May May May May May May May May
2010 2009 2010 2009 2010 2009 2010 2009 2010 2009

West South Central 11.33 |11.66 |8.93 9.04 6.06 6.27 9.99 9.81 8.85 9.18
Arkansas 9.52 9.41 7.55 7.23 5.38 5.7 1144 1374 |7.27 7.44
Louisiana 9.12 8.66 8.43 8.06 5.66 5.65 8.86 9.28 7.62 7.42
Oklahoma 10.15 |8.77 7.35 6.45 521 4.9 -- - 7.68 6.83
Texas 12.22 13 9.45 9.86 6.44 6.77 10.17 |9.85 9.53 10.18
Mountain 10.92 10.37 |9.23 8.67 5.98 5.9 9.73 8.17 8.73 8.38
Arizona 11.76 1134 |1011 |9.78 6.9 7.06 - - 10.22 10.05
Colorado 1152 9.7 9.58 7.95 7.07 5.97 9.94 7.37 9.5 7.97
Idaho 8.03 7.36 6.9 6.28 5.18 4.86 - - 6.54 6
Montana 9.1 8.98 8.39 8.13 55 5.73 - -- 7.49 7.43
Nevada 12.93 1246 |10.56 1042 |6.37 7.14 8.74 9.53 9.38 9.69
New Mexico 10.5 9.61 8.65 8.18 5.77 5.56 - - 8.21 7.74
Utah 8.85 8.58 7.64 7.32 4.97 4.82 9.68 8.84 7.09 6.86
Wyoming 8.82 8.9 7.55 7.49 4.87 4.79 - - 6.13 6.04
Pacific Contiguous 12.6 1248 |11.88 1185 |7.63 7.75 8.01 7.85 11.12 11.16
California 15.43 1524 |13.65 13.6 1041 10.03 |8.05 7.88 13.55 13.42
Oregon 9.04 8.84 7.84 7.63 5.87 5.79 7.04 6.74 7.78 7.59
Washington 8.15 7.76 7.26 6.96 3.73 4.04 6.36 6.17 6.5 6.48
Pacific Noncontiguous |23.93 20.4 21.14 17.59 20.28 15.03 -- -- 21.71 17.64
Alaska 16.97 17.67 |14.73 15.1 14.75 12.78 |-- - 15.45 15.39
Hawaii 2825 [22.04 (2614 |19.52 2211 1581 |-- - 25.25 18.92
U.S. Total 1196 |11.8 10.19 10.08 |6.69 6.86 10.85 [11.64 |9.8 9.83

Source: DOE/EIA-0226, released August 11, 2010. Next release date, mid-September 2010.

29




DRAFT

Table 6. Water rates in seven cities

City

Water

Sewer/Wastewater

Base charge

Metered charge

Base charge

Metered charge

Notes

Source

Albuquerque

$1.41 per unit

1 unit =748 gal; on-

peak = M-F 8 a.m. to
8 p.m.; off-peak = all
other hours

Atlanta $5.86 monthly $2.30 per 1-3 ccf; a 1 ccf =100 cubic ft www.atlantawatershed.
$4.77 per 4-6 ccf; water or 750 gal; a org/custsrv/water_and_
$5.50 per >7 ccf business is medium sewer_rates.htm

sized if demanding
>30 kW

Houston $5.59 monthly for 1in.  $3.56 per 1000 gal $8.33 monthly for 1in.  $5.04 per 1000 gal Phone 972-507-9501;

meter, $8.46 monthly meter; $9.66 monthly documents.publicwork

for 1% in. meter for 1% in. meter s.houstontx.gov/
documents/divisions/
resource/ucs/june_201
0_water_rates.pdf

Minneapolis $3.05 per unit $2.93 per unit

Phoenix Monthly base rate Per unit charges (for Sewage rates are based 1 unit =748 gal; phoenix.gov/waterservi

includes six units of >11): $2.18 in Dec, on winter months' medium-sized business  ces/customerservices/p
water for October Jan, Feb, Mar; $2.69 in water use, see is defined as ayment/rates/
through May, and ten Apr, May, Oct, Nov; phoenix.gov/\WATER/  demanding 101- index.html;

units of water for June
through September.
$4.49 monthly for Lin.
meter, $5.57 monthly
for 1 % in. meter

$3.51 in Jun, Jul, Aug,
Sep; “environmental
charge” of $0.40 per
unit pays for safe
drinking water testing,
etc.

swrratesch.pdf

400 kKW; Phoenix
electricity provided by
either APS or SRP
(rates here are APS)

phoenix.gov/WATER/s
wrratesch.pdf;
www.aps.com/
main/services/business/
rates/BusRatePlans_13.
html#medtou

San Francisco

1 ccf =100 cubic ft
water or 748 gal

Seattle

$13.00 monthly for
1 in. meter; $19.95
monthly for 1% in.
meter

$3.50 per ccf during
9/16-5/15; $4.49 per
ccf during 5/16-9/15

$8.98 per ccf

Phone 206-684-3000;
"Medium General
Service—Seattle" at
www.seattle.gov/light/
Accounts/Rates/
ac5_erps20_1.htm

2f blank, sewage is included in water rate.



If pre-cooling is deployed at all ambient temperatures during the cooling season, then the
percent energy savings relative to using no pre-cooling at wet bulb efficiency of 0.7 and
equipment COP of 3.0 is shown in Fig. 17. It should be mentioned that COP used here refers to
the outdoor unit, which considers total cooling capacity and compressor and outdoor fan power
consumptions. The indoor blower power and heat are not taken into consideration. This is in line
with EnergyPlus input. The COP of 3.0 represents lower efficiency equipment used in current
commercial buildings. We observe that annual operating cost savings are increased due to
precooling for all three types of buildings particularly in the hot dry climates (Phoenix,
Albuquerqgue) but less pronounced in wet climates (Seattle), and that cost savings with R410A
are significantly greater than it is for the older R22 refrigerant. Hot dry climates are amenable to
water evaporation and hence such climates benefit from this technology. For the same wet bulb
efficiency and COP, the percent savings if pre-cooling is deployed when the wet bulb
temperature exceeds 90°F is shown in Fig. 18 for comparison with Fig. 17.

0 O%Savings with Using Water at All Ambient Temperatures, Ewb = 0.7, COP =3

18.0%

16.0% 1

12:0% i H Albuguergue, New Mexico
12.0% —  Atlanta, Georgia

M Houston, Texas

10.0% H Minneapolis, Minnesota

M Phoenix, Arizona

8.0% M Seattle, Washington

6.0%

4.0%
2.0%

0.0%

% of Saving to Equipment Energy
Annual Cost

R410A R-22 R410A R-22 R410A R-22

Medium Office Secondary School Supermarket

Fig. 17. Percentage of energy savings due to pre-cooling relative to no pre-cooling when water is sprayed at
all ambient temperatures and wet bulb efficiency of 0.7, and COP = 3.

‘Savings with Using Water at Ambient Temperatures above 90 F, Ewb =0.7, COP =3
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4.0%
2.0%
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% of Saving to Equipment Energy
Annual Cost

RA10A R-22 R410A R-22 R410A R-22

Medium Office Secondary School Supermarket

Fig. 18. Percentage of energy savings due to pre-cooling relative to no pre-cooling when water is sprayed
after ambient temperature equals or exceeds 90°F. Wet bulb efficiency = 0.7, COP = 3.
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Here we observe that, for equipment using R-410A, if precooling is deployed only when the
ambient air temperature exceeds 90°F, the percent operating cost savings are less than if
precooling was deployed at all operating temperatures in the respective climates. However, the
results are different for equipment using R-22 as shown by Fig. 17 and Fig. 18. For example, for
the medium office in Phoenix, AZ, spraying water at all temperatures yields an annual relative
cost saving of 5.5%, whereas spraying water only when the DB is above 90°F, yields a slightly
higher annual cost saving of 6.3%. Similar conclusions are reached for the secondary school and
supermarket. Therefore, for R22, it may be beneficial to use water only when DB temperatures
exceed 90°F to maximize the annual operating cost savings while simultaneously minimizing
water use. However, it must be pointed out clearly that the annual and peak energy reductions
using R410A are far greater than that of using R22, and for R410A the savings are greater if the
equipment is operated at all DB temperatures rather than only when the DB exceeds 90°F.

Manufacturer’s data extends up to wet bulb efficiency of 99%. In our EnergyPlus
simulations, we consider an upper wet bulb efficiency limit of 0.9; the results for this case are
shown in Figs. 19 and 20.

oox Savings with Using Water at All Ambient Temperatures, Ewb = 0.9, COP =3
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15.0% M Atlanta, Georgia
M Houston, Texas

M Minneapolis, Minnesota
EPhoenix, Arizona

0, "
10.0% H seattle, Washington

% of Saving to Equipment Energy
Annual Cost

RA10A R-22 RA10A R-22 RA10A R-22

Medium Office Secondary School Supermarket

Fig. 19. Percentage of energy savings due to pre-cooling relative to no pre-cooling at all ambient
temperatures. Wet bulb efficiency = 0.9, equipment COP = 3.

) 0%S.ewings with Using Water at Ambient Temperatures above 90 F, Ewh =0.9, COP =3
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Fig. 20. Percentage of energy savings due to pre-cooling relative to no pre-cooling when water is
sprayed after ambient temperature is equal to or exceeds 90°F. Wet bulb efficiency = 0.9,
equipment COP = 3.
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Again we see significantly higher annual operating cost savings using R410A versus R22 for
the three building types in all six cities except Seattle, for the reasons mentioned above, and that
increasing the wet bulb efficiency from 0.7 to 0.9 marginally improves the annual operating cost
savings as seen by comparing Fig. 17 and Fig. 19. If precooling is deployed only when the
ambient temperature exceeds 90°F, annual percent savings using R-410A equipment drop
slightly, but the annual percent savings using R-22 equipment increase slightly.

Next, we examine the effect of installing a more efficient rooftop unit with a COP=5, which
represents the higher efficiency level of equipment on the market, to replace an older rooftop unit
and make the same comparisons described above.

As expected, the impact on annual energy savings with precooling as compared to no
precooling in more efficient equipment (COP = 5) is smaller than it would be for a less efficient
equipment (COP = 3) as shown by comparison of Fig. 17 with Fig. 21.

Savings Using Water at All Ambient Temperatures, Ewb = 0.7, COP =5

20.0%
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H Minneapolis, Minnesota
HE Phoenix, Arizona

R410A R-22

% of Saving to Equipment Energy
Annual Cost

R410A R-22 ‘ R410A R-22 ‘

Medium Office Secondary School Supermarket ‘

Fig. 21. Percentage of savings due to pre-cooling relative to no pre-cooling at all ambient temperatures. Wet
bulb efficiency = 0.7, equipment COP = 5.

A similar trend is observed at higher wet bulb efficiency of 0.9, as shown by comparing
Fig. 19 and Fig. 22. The impact of pre-cooling on annual savings compared to no pre-cooling is
attenuated for equipment that operate at high efficiency (COP =5 compared to COP = 3), but
nonetheless, pre-cooling does provide energy savings, especially in hot, dry climates.

Comparing the annual energy savings estimates for the higher efficient (COP = 5) equipment
that utilizes a water control strategy of deploying pre-cooling only when the DB temperature
exceeds 90°F, we find similar trends as discussed for the lower efficiency equipment (COP = 3).
For equipment using R-410A, when pre-cooling is deployed at DB temperatures exceeding 90°F
(Fig. 23), annual operating cost savings are somewhat lower than if pre-cooling is deployed at all
DB temperatures (Fig. 21). The same trend is observed at the higher WB efficiency of 0.9
(Fig. 22 compared against Fig. 23). Therefore, at least for these three building types, the
recommended modus operandi would be to pre-cool at all DB temperatures, for equipment using
R-410A. On the other hand, for equipment using R-22 in the cities where the water price is high,
we recommend applying pre-cooling at higher ambient temperatures (for example when DB
exceeds 90°F) at the discretion of the operator.

33



34



Savings with Using Water at All Ambient Temperatures, Ewb=0.9, COP =5
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Fig. 22.

Percentage of energy savings due to pre-cooling relative to no pre-cooling at all ambient
temperatures. Wet bulb efficiency = 0.9, equipment COP =5,

Savings with Using Water at Ambient Temperatures above 90 F, Ewb =0.7, COP =5
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Fig. 23. Percentage of energy savings due to pre-cooling relative to no pre-cooling when water is sprayed
after ambient temperature is equal to or exceeds 90°F. Wet bulb efficiency = 0.9, equipment
COP =5.
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7. CONCLUSIONS

Evaporative cooling expands the availability of energy saving, cost-effective technology
options (market engagement) and serves to broaden the range of options in upcoming codes
and equipment standards (impacting regulation). Commercially available evaporative pre-
coolers provide a low cost retrofit for many existing packaged rooftop units, commercial
unitary split systems, and air cooled chillers.

Energy savings are much greater for HVAC systems with refrigerant R410A than they are
with R22.

For R-410A equipment, operating cost percent savings are greater if pre-cooling is used at all
DB temperatures than they are if used only when the DB temperature exceeds 90°F. For
R-22 equipment in the cities where the water price is high, we would recommend applying
pre-cooling only at high ambient temperatures.

Evaporative pre-cooling provides the opportunity for annual energy savings and peak
demand reduction, with significant potential in hot, dry climates.

36



37



8. RECOMMENDATIONS

Our analyses are based on three building types in 16 locations across the United States. In
order to gain a comprehensive picture of the energy and peak demand reduction potential of this
technology, this study should be expanded to 16 building types in all 16 locations mentioned in a
recent report (P. Torcellini, 2008). Such a comprehensive study has not been undertaken, but this
report has laid the necessary foundation for such a comprehensive analysis.

Furthermore, it is possible to develop a software design tool for condenser evaporative pre-
cooling. This tool will provide a pad wet bulb efficiency estimate based on the real media
geometry and frontal air velocity. In addition, if the recommended comprehensive analysis is
conducted, a separate estimator could be developed to provide estimates of annual energy saving,
peak power reduction, operating cost savings and recommended control strategy, pad design, etc
for applying the evaporative pre-cooling to a specific building, equipment, and climate. This tool
could be web-based or freely available software, to serve as design guidance to promote
deployment of condenser evaporative pre-cooling technology.

Evaporative pre-cooling technology can potentially reduce HVAC energy consumption in
existing commercial building stock, thereby impacting a very large commercial market segment
with a single technology. It meets both key elements of the Commercial Building Integration and
Deployment (CBID) subprogram of market engagement and impacting regulation. Evaporative
pre-coolers are specifically designed to retrofit existing units on-site.
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APPENDIX A. EQUIPMENT CURVES IN ENERGYPLUS

We used EnergyPlus 5.0 to conduct the simulation study, which is the latest DOE building
energy simulation software. In EnergyPlus, rooftop DX air conditioners are given in the form of
performance curves, which correct the equipment performances from the rating point at the
ambient condition of 35°C dry bulb temperature, 19.4°C wet bulb temperature (80°F/67°F) and
nominal indoor air flow rates. The equation forms are given as below,

Quar = Quorat ratea (TOLCapTemMpModFac)(TotCapFlowModFac) (A.1)

Power = (Qu raea ) (EIR)(RTF) (A2)

EIR =( 1 ](EIRTempModFac)(EIRFIowModFac) (A.3)
rated

TotCapTempModFac = a + b(T,;) + (T, )* +d(T.;) +e(T. ) + f (T )(Tes) (A4)

wh,i wh,i

EIRCapTempModFac = a + b(T,,;) + ¢(Tys;)* +d(T.;) +e(T.;)* + f (T,:)(T.)  (A5)
TotCapFlowModFac = a + b( ff ) + ¢( ff)? (A.6)

EIRFlowModFac = a + b( ff) + ¢( ff)? (A.7)

PLF =a+b(PLR) + ¢(PLR)? (A.8)

RTF = PLR/PLF (A9

Where Qtotal,rated and COP,_,, are the total cooling capacity and COP at the rated condition.

Q. and Power are the total cooling capacity and power consumption considering variations in

air temperature entering the condenser coil, indoor returning air wet bulb temperature, indoor air
flow fraction and part-load ratio. EIR is called energy input ratio. It has to be noted, that the
cooling capacity here is the total capacity without subtracting the indoor fan heat, and the EIR

and COP,,., are only related to outdoor unit (compressor and condenser fan power).
TotCapTempModFac and EIRCapTempModFac are the correction fractions of total cooling

capacity and EIR to the rated values, which are the functions of condenser entering air
temperature and indoor wet bulb temperature. TotCapFlowModFac and EIRFlowModFac are

the correction fractions, considering the changes in indoor air flow rate, where ff is the ratio of

actual indoor air flow rate to the nominal flow rate. RTF is named as running time fraction, PLF
is the part load fraction as function of PLR. And PLR is called part load ratio, which is the ratio
of actual indoor sensible cooling load to the rated steady-state sensible cooling capacity. The
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part-load performance of a rooftop is unit is also its cyclic behavior, i.e., the time needed to reach
steady-state after starting and energy loss during this period.

For simulating a unit with an evaporatively cooled condenser, EnergyPlus simply corrects the
condenser entering air temperature in the form as Eq. A.10,

T.; =T, + (1— EvapCondEffectiveness)(Ty,, — TW, ) (A.10)

Where T,,, and T,

wh,0

are the ambient dry bulb and wet bulb temperatures, respectively.

EvapCondEffectiveness is the wet bulb efficiency of the evaporative pad, which is treated to be a

function of condenser frontal air velocity and pad thickness. Since the condenser air velocity and
the evaporative pad thickness are usually fixed for an existing rooftop unit, the
EvapCondEffectiveness can be inputted as a constant value for a building simulation case.

EnergyPlus can auto-sizes rooftop equipment to match building sensible loads under design
days — the statistically hottest day in summary. Operating conditions in design days would vary
regarding to locations. Working as a safety factor, the equipment sizing factor is set to scale the
equipment rated capacity. If the sizing factor is larger than unity, it means the equipment is
oversized in comparison to the required building sensible load. Consequently, the building
comfort level is increased, but at the expense of the cyclic loss. However, the equipment sizing
factor might vary according to building type, since an individual building type might have a
specific comfort level regulation.

EnergyPlus 5.0 is capable of simulating single-speed, two-speed and multiple-speed rooftop
equipment. For a two-speed equipment, EnergyPlus uses the rated capacity at high speed to
match the building peak sensible load in design days, and the rated capacity at low speed would
be assumed as 1/3 of the rated value at the high speed. In addition, for two-speed equipment, we
can input evaporative pre-cooling wet bulb efficiency specific to each speed level.

Certainly, for modeling condenser evaporative pre-cooling, we need to consider the expense
in exchange of the energy saving, which are water evaporated and pump power consumed. In
EnergyPlus, the evaporative condenser pump rated power consumption is modeled as the total
cooling capacity times 0.004266 watts pump power per watt rated capacity, i.e., 15 W/ton. For
two-speed rooftop equipment, at low speed, the pump power is set equal to 1/3 times the total
cooling capacity times 0.004266 watts pump power per watt capacity.

The water consumptions rate is calculated by the difference between the entering and exit air
specific humidity.

mwater = nz‘lair (a)out - a)in) (All)

Where m,, and m,,., are the air flow and water evaporation rate; a standard rated condenser
air flow rate is between 0.00004027 m®s and 0.00006041 m*/s per watt of rated total cooling

capacity , i.e., 300-450 cfm/ton. @,,and @, are the air entering and exit specific humidity. The
water evaporation amount would be integrated along the running time fraction during operation.



Al PERFORMANCE CURVES OF DIFFERENT REFRIGERANTS

In the DOE commercial benchmark building examples, most of the rooftop equipment were
modeled using a single set of performance curves, which had been obtained from a 10-ton R-22
unit (Lennox T-Class). We stay with the equipment performance curves for R-22 equipment in
our simulations; however, there are no R-410A equipment performance curves in the benchmark
building database. So, we need to reduce R-410A curves by ourselves.

For air conditioning application, R-410A usually works at near-critical condition. With
increasing ambient temperature, particularly above 35°C, the equipment performance of R-410A
can degrade much faster than that of R-22. Payne and Domanski (2002) compared an R-22 and a
R-410A air conditioner operating at high ambient temperature. The two air conditioner systems
were tested using the same evaporator and condenser heat exchangers. The capacity and COP of
the R-410A system was compared to those of the R-22 system in terms of normalized ratios. The
capacities of R-22 and R-410A systems matched each other at 35°C and COPs matched each
other at 27°C. With changing the ambient temperature from 25°C to 55°C, the capacity
normalized ratio degraded from 1.05 to 0.90, and the COP ratio was reduced from 1.05 to 0.80.
The results implied that the R-410A system was more sensitive to the increased outdoor
temperature. Rice (2005) conducted a comprehensive system simulation studies comparing
R-410A to R-22, which basically confirmed the same conclusion.

The condenser evaporative pre-cooling achieves energy saving by lowering the air
temperature entering the condenser coil. Consequently, the energy saving effect is directly
related to how the working refrigerant responds to entering air temperature. To have a direct
comparison, we obtained product literature and reduced the data in the forms of EnergyPlus
equipment performance curves [Egs. (A.1) to (A.9)]. The comparisons between the R-22 curves
and R-410A curves (10-ton two-speed, Lennox Strategeos) can be seen in Figs. A.1 and A.2.
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Fig. A.1. Total cooling capacity correction ratios of R-22 and R-410A varying with outdoor air
dry bulb temperature and fixing indoor wet bulb at 67°F.
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Fig. A.2. EIR correction ratios of R-22 and R-410A varying with outdoor air temperature
and fixing indoor WB at 67°F.

With fixing indoor wet bulb temperature at 67°F, Fig. A.1 shows the capacity correction ratio
and Fig. A.2 shows the EIR correction ratio, as a function of the air temperature entering the
condenser coil.

We can see that both the total cooling capacity and EIR curves of R-410A change more
drastically than R22. Changing the outdoor temperature from 115°F to 55°F, the relative change
in capacity for R-22 (compared to the total capacity at 95°F outdoor temperature) is 52%,
however, the change for R-410A is 79%; the relative change in EIR for R-22 (compared to the
EIR at 95°F outdoor temperature) is 18%, however, the change for R-410A is 29%. This means,
given the same rating capacity and EIR at the design condition, the R-410A equipment would get
more capacity and operate more efficiently, with the same drop in outdoor temperature.
Consequently, applying the same condenser evaporative precooling load, the R-410A equipment
will get more relative power reduction than the R-22 equipment.

We want to establish how well a single set of R-410A equipment performance curves can
represent equipment from different manufacturers and of different sizes. Comparisons were
made against five Lennox equipment (Lennox Strategeos, R-410A), ranging from 10 tons to
24 tons, having compressor stages of 2 and 4, and one York 15 ton R-410A rooftop unit. In
addition, the R-22 10-ton unit (Lennox T-Class) was included in the comparisons. The relative
product information is given in Table A.1. The comparisons were given as relative deviation:
(standard R-410A 10-ton curve predicted—individual equipment performance)/ (standard R-
410A 10-ton curve predicted). The individual equipment performance data were obtained from
the product manual as functions of outdoor dry bulb temperature and indoor wet bulb
temperature. Figure A.3 shows the comparisons of EIR corrections, and Fig. A.4 shows the
comparisons for capacity corrections. It is apparent that the difference in refrigerants leads to the
biggest difference of EIR and capacity corrections ratios as function of outdoor temperature.
Especially for the EIR curves at low ambient temperatures, we can see 25% difference in the
relative performances of R-410A and R-22; however, the differences due to other factors are
within 5%.



Table A.1. Rooftop equipment product information

. . Rated | Compressor | Condenser frontal air
Model No Manufacturer | Refrigerant | Capacity EER stages velocity [fom]
SGA120H4B Lennox R-410A 10-ton 12.3 2-stage 251
SGA120H4AM Lennox R-410A 10-ton 12.1 2-stage 251
SGA240H4B Lennox R-410A 20-ton 12.6 2-stage 319
SGA240H4AM Lennox R-410A 20-ton 12.6 4-stage 319
SGB288H4B Lennox R-410A 24-ton 11.6 2-stage 347
SGB288H4M Lennox R-410A 24-ton 11.6 4-stage 347
J157] York R-410A 15-ton 12.4 4-stage 251
TGA120S2B Lennox R-22 10-ton 10.1 2-stage 273
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Fig. A.3.

Comparisons of EIR correction ratios between baseline R-410A

equipment curve and equipment of different sizes, manufacturers, and
refrigerants.
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Relative Deviation in Capacity Correction by Temperature
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A.4. Comparisons of capacity correction ratios between baseline R-410A
equipment curve and equipment from different sizes, manufacturers
and refrigerants.

The comparison in Fig. A.3 and Fig. A.4 basically demonstrate that, for equipment using the
same refrigerant (R-22 or R-410A), we can approximately choose a single set of performance
curves to represent the equipment; however, for equipment using a different refrigerant, we have
to use a separate set of curves specific to that refrigerant.



APPENDIX B. MULTIPLE VARIABLE ANALYSIS USING 2-LEVEL
DESIGN-OF-EXPERIMENTS

Our goal is to investigate the relative energy saving and peak power reduction due to the pre-
cooling effect, through a year as indicted in Egs. (B.1) and (B.2).

Z Powernoprecoolmg i Z Powe rPFGCOOHHQ:iAtJ
EnergySaving =

Z POWE noprecoolmg |At|

Z Qtotal rated funC(Tdb wa)Ati _ Z M funC(Tci wa)Atj
- : 7=\ COP '

_ rated : = rated (B ' 1)

C Qtotal rated
' func(T, T . )AL
; COP ( db, Wb) i

rated

Qoal rated n Qoal,raed m
max[[CtC;P : func(Ty, )i Jiey — max[ CtC;P : func(T,; T,,) 114

rated rated

PeakReduction = (B.2)

COP

max[[%a"med] func(Te, T, ) I
rated

In Egs. (B.2) or (B.2), the denominator gives the integrated or maximum power consumption
without the precooling effect in a year, and the numerator gives the power difference between the
baseline equipment without pre-cooling effect and the equipment with pre-cooling effect. The
equipment performance without pre-cooling effect is a function of ambient temperature and
indoor wet bulb temperature; on the other hand, the equipment performance with pre-cooling
effect is a function of condenser entering air temperature after the evaporative pre-cooling

process. It shall be noted, for a single equipment, since the (Mj IS a constant value

rated
existing in both the numerator and the denominator, it can be removed, and consequently, has no
impact on the relative annual energy saving and peak power reduction. The relative energy
saving and power reduction shall mainly depend on the integrated or maximum changes in
TotCapTempMOdFac, EIRCapTempModFac, TotCapFlowModFac, EIRFlowModFac due to the
pre-cooling effect.

The pre-cooling effect depends on responses to indoor air flow variation, dynamic
degradation behavior, pad wet bulb effectiveness, refrigerant types, etc. Moreover, the part load
performances of single-speed and two-speed units can differ; rooftop equipment would be
applied in numerous types of buildings and climate zones. The DOE commercial benchmark
building database contains the building examples of three generations—present, post-1980 and
pre-1980, which are related to different building energy regulations like efficiency, insulation
types, etc.
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To identify the key process variables (KPIV)—what really matter, as shown in Fig. B.1, we
adopted a 2-level Design-of-Experiments to investigate the significances of the influential
factors. The influential factors are classified to three categories, i.e., environment, equipment and
add-on. The equipment category is mainly about the variables of rooftop equipment;
environment category is about the surrounding conditions where the equipment are operating; the
add-on factor is wet bulb efficiency variation due to pad design and air velocity. In total, there
are nine factors for the investigations. Here, we included the refrigerant factor to environment
category instead of equipment, because the refrigerant application is mostly determined by
regulation rather than customers’ choice, which is more like a generation factor. For the Design-
of-Experiment analysis, we used Minitab 16, which is a six-sigma statistical analysis tool.

The principle of the 2-level Design-of-Experiments is to select high and low bounds of the
influential variables and investigate the relative responses (annual energy saving and peak power
reduction). The annual energy saving and peak power reduction were simulated using
EnergyPlus and the benchmark commercial building examples. A complete 2-level Design-of-
Experiments for 9 variables will run for 2°=512 cases. To simplify this analysis, we split the
analyses into two sub-matrixes, one aims to investigate the equipment factors as listed in
Table B.1 and the other is to investigate the environment factors as listed in Table B.2.

[ Climate Process

Environment . \
__| Generation Development
Building

—Refrigerant

—Capacity
response to
Indoor air flow

Variables?
(KPIVs)

Power
response to
Indoor air flow

@ Key process
L
o

Equipment _

|

Part load
function
_Single/two

speed
Add-on  ———pga(q design /

Fig. B.1. Influential variables for the pre-cooling effect.

Table B.1. Matrix of 2-level design-of-experiments for equipment factors

Variable Low Level High Level
Speed level (abbreviation: | Single-speed Two-speed
speed)
Part load function 0.9+0.1*PLR 0.771+0.229 *PLR
(degradation)
Capacity response to 0.77136 + 0.34053 * ff — 0.11088 * ff* | 0.25 + 0.75 * ff
indoor air flow variation
(FFCap)
EIR response to indoor air | 1.20550 — 0.32953 * ff + 0.12308 * ff | 1.5-0.5 * ff
flow variation (FFEIR)
Pad wet bulb efficiency 0.5 0.9
(effect)
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Table B.2. Matrix of 2-level design of experiments for environment factors

Variable Low level High level
Generation Pre-1980 Present
Refrigerant R-22 R-410A
Building Secondary school Supermarket
City Los Angeles, CA Phoenix, AZ
Pad Wet bulb efficiency 0.5 0.9

While investigating the equipment related factors, we adopted the benchmark medium office
building in Pheonix, AZ, at present generation, having R-410A refrigerant and variable indoor
air flow system (VAV). In Table B.1. The curves for high level part load function, low level
capacity response to indoor air flow, and low level EIR response to indoor air flow are typical
equipment performance curves given in the benchmark building example; while the curves at
other levels were intentionally pushed to extremes.

While investigating the environment related factors, the other equipment factors are fixed as
single speed, high level part load function, low level of capacity and EIR responses to indoor air
flow. The add-on factor of pad wet bulb efficiency was put in both the environment and
equipment matrixes, as intended to provide cross-comparison between the two matrixes.

Among the equipment factors, the standardized effects are compared in Figs. B.2 and B.3, for
annual energy and peak power reduction, respectively. Among the environment factors, the
standardized effects are compared in Figs. B.4 and B.5. The comparisons standardized effects
can show relative significances of multiple factors impacting one response. In comparison to the
other equipment factors, the media pad wet bulb efficiency shows much more significant effect,
for both the annual energy saving and peak power reduction. Among the environment factors,
city, refrigerant, pad design and building type have significant effects on the annual energy

Pareto Chart of the Standardized Effects
(response is Annual, Alpha = 0.05)
2.1
[
Effect -
Speed
S )
& Degradation 4
'_
FFCap
FFEIR
T T T T T T T T
0 20 40 60 80 100 120 140 160
Standardized Effect

Fig. B.2. Standardized effects of equipment factors on annual energy saving
(see Table B.1 for the terms).
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Fig. B.3. Standardized effects of equipment factors on peak power
reduction (see Table B.1 for the terms).
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Fig. B.4. Standardized effects of environment factors on annual energy
saving (see Table B.2 for the terms).
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Fig. B.5. Standardized effects of environment factors on peak power
reduction (see Table B.2 for the terms).

saving, while the influence from building generations can be ignored. For the peak power
reduction, city, pad design and refrigerant have significant effects, while the factors of building
types and building generations can be ignored.

All'in all, in order to provide a comprehensive assessment for the pre-cooling technique used
in the US commercial building market, but based on a limited set of simulation cases, we need to
focus on the four primary factors of city, refrigerant, pad wet bulb efficiency and building type.
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APPENDIX C. TABLES OF ANNUAL ENERGY SAVINGS
AND PEAK LOAD REDUCTIONS

For the simulations listed in this section, we studied three levels of wet bulb efficiency,
Ewb = 0.5 (Ewb05), Ewb = 0.7 (Ewb07), and Ewb = 0.9 (Ewb09); three commercial building
types, i.e., medium office, secondary school and supermarket. We also considered three building
generations, i.e., present, post-1980 and pre-1980; for the present building generation, we
presented data in Tables C.1 through C.11 for two refrigerants, i.e., R-410A and R-22.
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C1l

Medium Office:

Table C.1. Energy assessments, medium office, R-410A, present

PRESENT BUILDING GENERATION

Annual energy saving

Peak power reduction

R410A
city Ewb05 Ewb07 Ewb09 | Ewb05 | Ewb07 | Ewb09
ﬁ'ﬁﬁg;‘f;’g 11.0% 14.5% 171% | 21.1% | 267% | 31.4%
(L:ZISionrr]r?iZIES' 2.3% 3.5% 4.6% 38% | 5.7% 7.5%
éggpg;?a 4.0% 5.9% 7.6% 14.0% | 19.3% 24.0%
52:;’};% 4.1% 6.0% 7.6% 82% | 11.1% | 13.8%
28:’;‘::50 10.1% 13.3% 15.6% | 243% | 31.4% | 36.1%
ﬁ“:;go 4.8% 7.0% 8.9% 8.9% 11.3% 13.5%
,\D,l%t:s’ota 3.5% 5.2% 6.6% 95% | 132% | 16.6%
i"’;;rsﬁ’;”ks' 4.3% 6.0% 73% | 86% | 11.9% | 14.6%
San
Francisco, 2.6% 3.9% 50% | 189% | 249% | 29.7%
California
mgP;ﬁa 8.7% 11.6% 13.8% | 20.0% | 26.3% 31.4%
?:;;;0” 4.5% 6.6% 8.6% | 104% | 13.8% | 16.5%
E/II:;:E; 4.0% 6.0% 7.9% 8.0% | 11.4% 14.6%
m:gz:‘;‘gg's 4.3% 6.3% 8.0% 82% | 113% | 14.2%
i';?zeonr:;(' 16.4% | 21.6% | 259% | 258% | 33.9% | 40.7%
\S/\Glzgétf:?r’]gton 3.6% 5.2% 6.6% | 120% | 157% | 18.9%
',;lif/;szgas' 18.0% 23.4% 275% | 28.1% | 36.4% | 40.7%
Average 6.6% 9.1% 112% | 144% | 19.0% | 22.8%
Max 18.0% 23.4% 275% | 281% | 36.4% | 40.7%
Min 2.3% 3.5% 4.6% 38% | 5.7% 7.5%
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Table C.2. Energy assessments, medium office, R-22, present

R22 Annual energy saving Peak power reduction
city Ewb05 Ewb07 Ewb09 | Ewb05 | Ewb07 | Ewb09

Albuquerque, | /0, 4.93% 5.08% | 14.01% | 17.09% | 19.08%
New Mexico
Los Angeles, | o eeon | 05696 | -054% | 0.74% | 1.42% | 1.97%
California
é“a“t?" 0.90% 1.55% 204% | 9.94% | 13.27% | 15.95%

eorgia
Baltimore, 1.01% 1.69% 219% | 3.92% | 5.73% 7.38%
Maryland
Boulder, 3.28% 3.85% 381% | 16.12% | 19.45% | 20.71%
Colorado
ﬁn:f;go 1.20% 1.87% 234% | 2.60% | 3.98% | 5.23%
Duluth, 0.07% 0.39% 057% | 512% | 7.03% | 853%
Minnesota
Fairbanks, -0.38% | -0.40% | -0.60% | 2.96% | 3.86% | 4.26%
Alaska
San
Francisco, -0.82% -0.83% -0.96% 12.06% 15.09% 16.83%
California
Helena, 2.34% 2.81% 279% | 13.50% | 16.78% | 17.90%
Montana
Houston, 1.64% 2.57% 335% | 6.18% | 7.98% 9.59%
Texas
Miami, 1.27% 2.12% 2.83% 487% | 6.94% 8.76%
Florida
Minneapolis, | ) 744, 1.35% 173% | 4.05% | 5.83% 7.39%
Minnesota
Phoenix, 9.82% 12.34% | 13.80% | 21.85% | 27.78% | 32.04%
Arizona
Seattle, 0.28% | -015% | -0.19% | 522% | 6.79% | 7.85%
Washington
Las Vegas, 1042% | 12.75% | 13.84% | 23.21% | 28.29% | 30.62%
Nevada
Average 2.2% 2.9% 3.3% 91% | 11.7% 13.4%
Max 10.4% 12.8% 13.8% | 232% | 28.3% 32.0%
Min -0.8% -0.8% -1.0% 0.7% 1.4% 2.0%
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Secondary School:

Table C.3. Energy assessments, secondary school, R-410A, present

R410A Annual energy saving Peak power reduction

city Ewb05 Ewb07 Ewb09 | Ewb05 | Ewb07 Ewb09
QL?/:/‘QM”:;?ES 1284% | 16.91% | 19.90% | 21.59% | 26.95% | 31.57%
(":gfl fAO?r?geS’ 401% | 5.85% 743% | 8.62% | 11.00% | 13.14%
égg:gf‘a 5.59% 8.04% 10.24% | 10.89% | 13.98% | 16.73%
m:;mrj 5.73% 8.21% 1045% | 8.21% | 11.13% | 13.10%
28:1(:?:(;0 12.83% | 16.84% | 19.74% | 21.32% | 27.97% | 33.16%
ﬁn:f;%o 6.01% 8.57% 10.85% | 7.32% | 10.090% | 12.47%
Dulih, | sesw | 8.10% | 1022% | 556% | 803% | 1031%
Z"I‘;;bkznks’ 757% | 1026% | 12.32% | 13.64% | 18.08% | 21.43%
San
Francisco, 6.64% 9.22% 11.37% | 1450% | 19.83% | 23.51%
California
Helena, 0 0 0 0 0 0
Montars 11.93% | 15.86% | 18.87% | 17.31% | 22.66% | 27.09%
;’;’)‘::;0” 4.82% 7.06% 9.14% | 8.13% | 10.09% | 11.98%
M(‘%; 3.76% 5.66% 745% | 6.34% | 8.48% | 10.16%
mmggg&“s 5.47% 7.87% 10.03% | 7.03% | 9.49% | 11.81%
Z*;i"zeonr:;" 16.47% | 21.92% | 26.30% | 21.21% | 28.18% | 34.05%
\S/S;‘;ﬂfﬁgmn 6.36% 8.89% 11.03% | 9.47% | 12.98% | 15.96%
kja;/;;eagas, 1837% | 2413% | 2854% | 23.05% | 30.66% | 36.64%
Average 8.4% 11.5% 14.0% 12.8% 16.9% 20.2%
Max 18.4% 24.1% 285% | 23.0% | 30.7% | 36.6%
Min 3.8% 5.7% 7.4% 5.6% 8.0% 10.2%
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Table C.4. Energy assessments, secondary school, R-22, present

R22 Annual energy saving Peak power reduction

city Ewb05 Ewb07 Ewb09 Ewb05 | Ewb07 | Ewb09
ﬁ'ek\’lv?\‘/l";;‘fgg 5.53% 6.52% 6.61% 14.23% | 16.41% | 17.34%
t‘;lsl on?r?izles' 028% | 058% | 068% | 153% | 225% | 2.69%
Atlanta, Georgia | 1.77% 2.61% 3.20% 6.88% 8.65% 9.98%
Eﬂﬂﬁm‘:{j 2.05% 2.96% 3.61% 519% | 7.03% | 8.17%
28:’;‘::50 5.28% 6.16% 6.15% 14.68% | 17.52% | 17.76%
Chicago, Illinois | 1.97% | 2.83% 3.40% 421% | 5.77% | 7.00%
m;%tgs:ota 1.36% 1.97% 2.30% 178% | 2.68% | 3.34%
;"I‘;rsﬁ’(znks' 1.45% | 1.69% 1.51% 5.44% | 6.35% | 6.28%
cS:ZTu fFO rfn”ig'sco’ 1.49% | 1.93% 1.95% 8.52% | 10.49% | 11.52%
I\H/Ieo're]?:na 4.88% 5.86% 6.01% 11.00% | 13.67% | 14.60%
Houston, Texas 1.69% 2.60% 3.32% 491% 6.08% 7.14%
Miami, Florida | 0.98% | 1.70% 2.29% 3.35% | 4.30% | 5.15%
m:zﬂg‘;‘g{:'s 1.55% 2.31% 2.81% 3.05% | 417% | 5.14%
i';?zeonr:;" 1011% | 12.61% | 13.88% | 18.57% | 23.25% | 26.33%
\S/\?:tr:?ﬁgton 1.30% 1.72% 1.75% 3.97% | 5.09% | 5.61%
',;I‘;‘i ;szgas' 11.16% | 13.61% | 14.59% | 19.18% | 23.64% | 25.56%
Average 3.3% 4.2% 4.6% 7.9% 98% | 10.9%
Max 112% | 13.6% 14.6% 192% | 23.6% | 26.3%
Min 0.3% 0.6% 0.7% 1.5% 2.2% 2.7%
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Supermarket:

Table C.5. Energy assessments, supermarket, R-410A, present

RA10A Annual energy saving Peak power reduction

city Ewb05 Ewb07 Ewb09 Ewb05 | Ewb07 Ewb09
QL?,;’QMUEL‘?EE 13.01% | 17.21% | 20.39% | 17.36% | 23.23% | 28.09%
(L:ZISI g?ﬁges’ 3.79% 5.59% 715% | 467% | 6.88% 8.94%
éﬂ(";‘:‘gf‘a 5.32% 7.67% 9.79% | 13.16% | 18.10% | 22.53%
Eﬂ:ggg 5.71% 8.18% 10.41% | 8.00% | 10.67% | 13.22%
ggfgfaeéo 12.80% | 16.85% | 19.84% | 21.24% | 27.82% | 32.99%
ﬁn'nccigo 5.89% 8.41% 10.67% | 11.38% | 15.77% | 19.75%
Eﬁ:}fgom 3.47% 5.13% 6.58% | 9.71% | 13.50% | 16.09%
Z"’I‘;rsbkznks’ 4.05% 5.68% 6.92% | 11.23% | 15.31% | 18.80%
San
Francisco, 6.19% 8.66% 10.75% | 18.33% | 24.29% | 29.15%
California
Helena, 0 0 0 0 0 0
Mortana 11.94% | 15.85% | 18.86% | 22.28% | 28.95% | 34.01%
.';'g;;;on 5.39% 7.81% | 10.06% | 8.29% | 11.30% | 14.15%
m(‘)?'l‘;; 4.13% 6.16% 8.06% | 6.70% | 9.08% | 11.35%
mmggg&“s 5.01% 7.25% 927% | 6.34% | 9.16% | 11.82%
i??zeonr:;" 17.68% | 2350% | 28.25% | 26.06% | 33.27% | 39.51%
Ssgéﬂfr’]gton 6.64% 9.29% 11.56% | 19.48% | 25.37% | 30.30%
klzf/;{fagas’ 19.78% | 25.90% | 30.63% | 28.32% | 34.02% | 38.93%
Average 8.2% 11.2% 13.7% | 145% | 19.2% 23.1%
Max 19.8% 25.9% 306% | 283% | 34.0% | 39.5%
Min 3.5% 5.1% 6.6% 4.7% 6.9% 8.9%
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Table C.6. Energy assessments, supermarket, R-22, present

R22 Annual energy saving Peak power reduction

city Ewb05 Ewb07 Ewb09 | Ewb05 | Ewb07 | Ewb09
QL?,;’QMUEL‘?EE 5.90% 7.09% 734% | 11.63% | 14.77% | 16.68%
(":gfl fAO?r?geS’ 029% | 0.63% 0.77% | 1.45% | 2.32% | 3.02%
éﬂ(";‘:‘gf‘a 1.85% 2.77% 347% | 8.90% | 11.90% | 14.28%
Eﬂ:;mrg 2.20% 3.22% 3.99% | 3.46% | 5.11% 6.60%
28:1:?:(;0 5.47% 6.44% 6.49% | 14.71% | 18.13% | 19.51%
ﬁn:f;%o 2.09% 3.04% 3.72% | 7.16% | 9.70% | 11.75%
a‘#:;]tgs'ota 0.17% 0.54% 075% | 527% | 6.54% 7.54%
Z"’I‘;rsbkznks’ -0.26% -0.22% 037% | 567% | 7.32% 8.29%
San
Francisco, 1.32% 1.77% 1.84% | 11.62% | 14.60% | 16.31%
California
',\*A‘z'ﬁ{‘:na 4.96% 5.94% 6.06% | 14.49% | 17.63% | 18.94%
.';'g;;;on 2.33% 3.48% 4.44% | 472% | 657% 8.23%
M(‘i‘:‘;'a 1.39% 2.28% 3.03% | 272% | 4.13% 5.33%
m:ﬂzgggg's 1.46% 2.24% 280% | 3.41% | 5.00% 6.42%
i??zeonr:;" 11.71% | 1479% | 16.62% | 21.81% | 27.02% | 30.81%
\S/\‘j:;ﬂfr’]gton 1.76% 2.37% 259% | 13.57% | 16.97% | 19.14%
klif/;{fagas’ 1273% | 1567% | 17.08% | 21.96% | 25.82% | 28.62%
Average 3.5% 4.5% 5.0% 9.5% 12.1% 13.8%
Max 12.7% 15.7% 171% | 220% | 27.0% | 30.8%
Min -0.3% -0.2% -0.4% 1.5% 2.3% 3.0%
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C.z2

POST 1980

Medium Office:

Table C.7. Energy assessments, medium office, R-22, post-1980

R22 Annual energy saving Peak power reduction
city Ewb05 Ewb07 Ewb09 | Ewb05 | Ewb07 Ewb09

Albuquerque, | /0, 5.09% 5.25% | 12.31% | 15.43% | 17.45%
New Mexico
Los Angeles, | 5100 | .049% | -048% | 032% | 1.35% | 1.60%
California
ét'a“t?" 0.91% 1.56% 204% | 887% | 11.87% | 14.24%

eorgia
Baltimore, 1.00% 1.67% 217% | 435% | 5.94% 7.37%
Maryland
Boulder, 3.34% 3.92% 3.90% | 16.86% | 20.16% | 21.41%
Colorado
ﬁn:f;%o 1.21% 1.89% 236% | 276% | 4.06% 5.24%
Duluth, 0.05% 0.37% 055% | 1.20% | 1.99% | 2.63%
Minnesota
Fairbanks, 0.40% | -042% | -0.62% | 2.93% | 3.82% | 4.21%
Alaska
San
Francisco, 0.82% | -082% | -0.96% | 12.26% | 16.68% | 18.22%
California
Helena, 2.32% 2.78% 276% | 13.81% | 17.05% | 18.32%
Montana
Houston, 1.65% 2.60% 338% | 472% | 6.67% 7.99%
Texas
Miami, 1.31% 2.17% 2.90% 418% | 6.01% 7.63%
Florida
Minneapolis, | ) 744, 1.34% 172% | 4.06% | 5.83% 7.39%
Minnesota
Phoenix, 9.98% 12.54% | 14.03% | 21.17% | 26.73% | 30.77%
Arizona
Seattle, 0.28% | -014% | -0.18% | 581% | 7.36% | 8.40%
Washington
Las Vegas, 1062% | 13.02% | 14.14% | 23.61% | 27.80% | 29.80%
Nevada
Average 2.2% 2.9% 3.3% 8.7% | 11.2% 12.7%
Max 10.6% 13.0% 141% | 236% | 27.8% 30.8%
Min -0.8% -0.8% -1.0% 0.3% 1.4% 1.6%
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Secondary School:

Table C.8. Energy assessments, secondary school, R-22, post-1980

R22 Annual energy saving Peak power reduction

city Ewb05 Ewb07 Ewb09 | Ewb05 | Ewb07 | Ewb09
Albuguerque, | ¢ oo, 6.66% 6.76% | 13.47% | 16.54% | 17.26%
New Mexico
Los Angeles, | g 360, 0.68% 079% | 2.39% | 3.45% | 4.22%
California
Atlanta, 1.80% 2.65% 325% | 7.17% | 8.81% | 10.14%
Georgia
Baltimore, 2.09% 3.03% 3.69% | 520% | 7.04% | 8.23%
Maryland
Boulder, 5.56% 6.50% 6.51% | 14.02% | 17.45% | 18.08%
Colorado
ﬁn'nccigo 2.01% 2.88% 345% | 3.74% | 5.25% 6.51%
Duluth, 1.48% 2.14% 250% | 1.80% | 2.69% | 3.36%
Minnesota
Fairbanks, 1.87% 2.20% 204% | 6.090% | 7.34% 7.58%
Alaska
San
Francisco, 1.67% 2.16% 220% | 850% | 10.84% | 11.78%
California
Helena, 5.23% 6.29% 6.50% | 11.57% | 14.42% | 14.98%
Montana
Houston, 1.73% 2.65% 337% | 472% | 5.90% 6.96%
Texas
Miami, 0.99% 1.73% 2.33% | 3.42% | 4.37% 5.22%
Florida
Minneapolis, | 4 &, 2.39% 290% | 3.78% | 5.26% 6.39%
Minnesota
Phoenix, 10.14% 12.64% 13.91% | 18.61% | 23.28% | 26.35%
Arizona
Seattle, 1.49% 1.95% 201% | 444% | 573% | 6.39%
Washington
Las Vegas, 11.26% | 13.73% | 14.73% | 19.16% | 23.62% | 25.53%
Nevada
Average 3.4% 4.4% 4.8% 8.0% 10.1% 11.2%
Max 11.3% 13.7% 14.7% | 192% | 23.6% 26.4%
Min 0.4% 0.7% 0.8% 1.8% 2.7% 3.4%
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Supermarket:

Table C.9. Energy assessments, supermarket, R-22, post-1980

R22 Annual energy saving Peak power reduction

city Ewb05 | Ewb07 | Ewb09 | Ewb05 | Ewb07 | Ewb09
ﬁLt\’,\l,’ungggg 6.21% 7.47% 776% | 12.41% | 15.62% | 17.52%
(L:th:z‘?r?ges’ 0.68% | 112% | 1.33% | 234% | 3.44% | 4.29%
é‘gsg‘:‘a 2.12% 3.13% 390% | 9.06% | 12.13% | 1457%
Eﬂ:;mrg 243% | 352% | 435% | 7.06% | 8.88% | 10.33%
28:](:?:(50 5.93% 7.01% 710% | 15.02% | 1851% | 20.13%
ﬁn'nccigo 2.44% 3.50% 427% | 7.32% | 993% | 11.97%
a::#ltgs'ota 0.76% 1.20% 164% | 229% | 349% | 453%
Fairbanks, 208% | 255% | 249% | 571% | 7.38% | 8.36%
San
Francisco, 2.43% 3.15% 3.40% 11.69% | 14.70% 16.44%
California
mﬁ?:na 5.49% 6.59% 6.77% | 13.70% | 16.72% | 18.27%
.'}'g;;;‘)” 2.44% 3.62% 461% | 425% | 613% | 7.81%
Z' i 1.49% 2.41% 319% | 2.65% | 4.07% | 5.35%
m:ggggg&“s 1.80% 2.69% 3.36% | 3.46% | 508% | 6.52%
i??zeonr:;(’ 11.67% | 14.75% | 1659% | 20.94% | 26.40% | 30.31%
Ssggﬂfr’]gton 2.30% 3.07% 3.40% | 1227% | 15.72% | 17.97%
LASVEORS | 12579 | 1547% | 16.85% | 18.44% | 22.55% | 25.58%
Average 3.9% 5.1% 5.7% 93% | 11.9% | 13.7%
Max 12.6% 15.5% 16.8% | 209% | 264% | 30.3%
Min 0.7% 1.1% 1.3% 23% | 3.4% 43%
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C3

PRE-1980

Secondary School:

Table C.10. Energy assessments, secondary school, R-22, pre-1980

R22 Annual energy saving Peak power reduction
city Ewb05 Ewb07 Ewb09 | Ewb05 | Ewb07 Ewb09

Albuquerque, | 4o 5.31% 537% | 13.67% | 16.15% | 17.04%
New Mexico
Los Angeles, | jocon | 00796 | -003% | 2.60% | 3.60% | 4.27%
California
ét'a“t?" 1.56% 2.36% 204% | 7.39% | 9.26% | 10.66%

eorgia
Baltimore, 1.85% 2.74% 336% | 511% | 6.65% 7.80%
Maryland
Boulder, 4.09% 4.76% 469% | 13.29% | 16.46% | 17.38%
Colorado
ﬁn:f;%o 1.72% 2.52% 3.06% | 3.48% | 4.99% 6.25%
Duluth, 0.76% 1.24% 150% | 3.66% | 4.86% | 554%
Minnesota
Fairbanks, 0.38% 0.46% 028% | 248% | 3.23% | 3.49%
Alaska
San
Francisco, 0.03% 0.18% 011% | 894% | 11.36% | 12.66%
California
Helena, 3.27% 3.93% 3.97% | 11.05% | 13.59% | 14.79%
Montana
Houston, 1.75% 2.69% 3.44% | 3.82% | 5.08% 6.23%
Texas
Miami, 1.07% 1.84% 2.47% 3.95% | 4.98% 5.81%
Florida
Minneapolis, | )4, 1.88% 232% | 3.90% | 5.46% 6.68%
Minnesota
Phoenix, 9.44% 11.84% 13.11% | 19.39% | 24.24% | 27.52%
Arizona
Seattle, 0.37% 0.63% 062% | 597% | 7.71% | 8.72%
Washington
Las Vegas, 9.94% 12.15% | 13.05% | 19.23% | 23.99% | 26.25%
Nevada
Average 2.6% 3.4% 3.8% 80% | 10.1% 11.3%
Max 9.9% 12.1% 13.1% | 19.4% | 24.2% 27.5%
Min -0.2% -0.1% 0.0% 2.5% 3.2% 3.5%

C-11




Supermarket:

Table C.11. Energy assessments, supermarket, R-22, pre-1980

R22 Annual energy saving Peak power reduction

city Ewb05 | Ewb07 | Ewb09 | Ewb05 | Ewb07 | Ewb09
ﬁLt\’,\l,’ungggg 6.31% 7.60% 7.92% | 12.60% | 15.95% | 17.96%
(L:th:z‘?r?ges’ 0.66% 1.09% 129% | 2.34% | 3.43% | 4.28%
é‘gsg‘:‘a 219% | 321% | 400% | 9.05% | 12.12% | 14.58%
Eﬂ:;mrg 252% | 3.64% | 4.49% | 6.46% | 8.42% | 9.88%
ggfgfaeéo 5960 | 7.04% | 7.13% | 14.39% | 17.80% | 19.51%
ﬁn'nccigo 249% | 355% | 433% | 7.33% | 9.94% | 12.01%
a‘f::;tgs'ota 174% | 255% | 3.10% | 229% | 350% | 4.54%
Fairbanks, 212% | 259% | 253% | 572% | 7.39% | 8.37%
San
Francisco, 2.32% 3.03% 3.26% 11.66% | 14.66% 16.39%
California
',?,Ieolﬁ[‘:n . 554% | 6.66% | 6.83% | 13.10% | 16.15% | 17.72%
.'}'g;;;‘)” 25206 | 373% | 473% | 423% | 6.10% | 7.78%
M(')??;'a 154% | 247% | 326% | 379% | 501% | 6.10%
m:ggggg&“s 207% | 304% | 377% | 3.46% | 508% | 6.52%
i??zeonr:;(’ 1174% | 1481% | 16.64% | 20.81% | 26.29% | 30.22%
ceattle gon | 240% | 319% | 354% | 1231% | 15.77% | 18.04%
LASVEORS | 12589 | 1548% | 16.85% | 15.07% | 19.37% | 22.54%
Average 4.0% 5.2% 5.9% 9.0% | 11.7% | 135%
Max 126% | 155% | 16.9% | 208% | 26.3% | 30.2%
Min 0.7% 1.1% 1.3% 23% | 3.4% 4.3%
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APPENDIX D. TABLES OF ECONOMICS

This section presents the detailed economics analysis. Table D.1 indicates the water and
electricity rates for six selected cities. Table D.2 shows nominal total cooling capacities
according to each building type and climate zone, and the total capacity is the sum of individual
equipment capacities in the building. And the building situations about floor area, zones, etc.
can be seen in Tables D.3 through D.8. The economics are given in dollars of annual saving per
cooling ton of nominal total capacity; they are related to three building types, two refrigerants,
three levels of COPs (COP = 3.0, COP = 4.0 and COP =5.0), and two levels of wet bulb
efficiency (Ewb = 0.7 and Ewb = 0.9). COP = 3.0 represents the lowest equipment efficiency
available on current market; COP = 5.0 represents the highest efficiency; and COP = 4.0
represents the medium efficiency. In addition, we compared the saving dollars with respect to
two water usage strategies, one is to supply water at all ambient temperatures, and the other is to
only supply water at the ambient temperatures above 90°F. This is to identify which city has
potential to use less water but achieve bigger cost saving.

Table D.1. Water and electricity rates for selected cities

Cost N Albuquerque, Atlanta, Houston, | Minneapolis, | Phoenix, Seattle,
ost (cents) New Mexico Georgia Texas Minnesota Arizona | Washington
Water/m® 49.80 27.68 94.06 107.44 123.98 158.59
Electricity/kwh 8.65 8.89 9.45 8.13 10.11 7.26

Table D.2. Nominal total cooling capacities (baseline equipment tonnages sum)

City/building Medium office | Secondary school Supermarket
Albuquerque, New Mexico 91 214 108
Atlanta, Georgia 102 263 109
Houston, Texas 110 265 110
Minneapolis, Minnesota 103 263 136
Phoenix, Arizona 112 266 104
Seattle, Washington 84 207 82
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Table D.3. Annual dollars saving per cooling ton, COP = 3.0, Ewb = 0.7

Equipment COP = 3.0 (w/o indoor fan)

Net Dollars saved with water supply at all ambient temperatures (dry bulb)

Saving Difference Between the Two Controls (Ambie

nt DB Temperatures above 90°F—AIl A

mbient Temperatures)

Medium office Secondary school Supermarket
RA10A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment
-6.32 -0.76 -6.29 -1.20 -2.42 -0.55
-4.52 -0.63 -4.75 -1.14 -2.72 -0.72
-4.38 0.38 -4.83 0.38 -3.34 -0.22
-1.13 1.01 -1.09 0.50 -0.45 0.24
-5.13 1.26 -6.20 0.25 -3.11 -0.01
0.42 1.84 0.01 0.59 0.00 0.29

Medium office Secondary school Supermarket
City R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment
Albuquerque, New Mexico 8.36 1.78 8.65 2.35 3.48 1.07
Atlanta, Georgia 4.98 0.90 5.20 1.36 3.17 0.97
Houston, Texas 6.61 0.69 6.70 0.24 5.41 1.13
Minneapolis, Minnesota 1.24 -0.97 1.17 -0.48 0.53 -0.22
Phoenix, Arizona 24.72 9.18 26.10 9.37 21.04 9.43
Seattle, Washington -0.40 -1.83 -0.01 -0.59 0.02 -0.29
Net Dollars saved with water supply at temperatures above 90°F (dry bulb)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

2.04 1.02 2.35 1.15 1.06 0.52

0.46 0.26 0.45 0.22 0.44 0.25

2.23 1.07 1.86 0.62 2.07 0.92

0.11 0.04 0.08 0.02 0.07 0.03

19.59 10.44 19.90 9.62 17.93 9.42

0.03 0.00 0.00 0.00 0.02 0.00




Table D.4. Annual dollars saving per cooling ton, COP = 4.0, Ewb = 0.7

Equipment COP = 4.0 (w/o indoor fan)

Net Dollars saved with water supply at all ambient temperatures (dry bulb)
Secondary school

Medium office

Supermarket

City R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment
Albuquerque, New Mexico 5.80 0.85 6.03 1.30 244 0.62
Atlanta, Georgia 3.55 0.48 3.73 0.85 2.27 0.62
Houston, Texas 4.10 -0.37 4.08 -0.78 3.42 0.19
Minneapolis, Minnesota 0.53 -1.14 0.58 -0.67 0.25 -0.31
Phoenix, Arizona 15.76 4.03 16.40 3.78 13.53 4.78
Seattle, Washington -0.73 -1.82 -0.19 -0.63 -0.08 -0.31
Net Dollars saved with water supply at temperatures above 90 F (dry bulb)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment

1.46 0.69 1.67 0.77 0.75 0.35

0.34 0.19 0.33 0.16 0.32 0.17

1.50 0.62 1.19 0.26 1.37 0.50

0.07 0.02 0.05 0.00 0.05 0.01

13.00 6.10 12.83 5.09 11.72 5.31

0.01 0.00 0.00 0.00 0.01 -0.01

Saving Difference Between the Two Controls (Ambient DB Temperatures above 90 F - All Ambient Temperatures)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment

-4.35 -0.16 -4.36 -0.53 -1.68 -0.27

-3.21 -0.29 -3.41 -0.69 -1.95 -0.45

-2.60 0.99 -2.89 1.04 -2.05 0.31

-0.46 1.16 -0.53 0.67 -0.21 0.32

-2.76 2.07 -3.56 1.31 -1.81 0.54

0.74 1.82 0.19 0.63 0.09 0.31




Table D.5. Annual dollars saving per cooling ton, COP = 5.0, Ewb = 0.7

Equipment COP = 5.0 (w/o indoor fan)

Net Dollars saved with water supply at all ambient temperatures (dry bulb)

Medium office Secondary school Supermarket
City R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment
Albuquerque, New Mexico 4.27 0.30 4.47 0.67 1.81 0.36
Atlanta, Georgia 2.69 0.23 2.85 0.54 1.74 0.42
Houston, Texas 2.60 -1.00 251 -1.39 2.22 -0.37
Minneapolis, Minnesota 0.11 -1.24 0.22 -0.79 0.09 -0.36
Phoenix, Arizona 10.37 0.94 10.57 0.42 9.02 1.98
Seattle, Washington -0.93 -1.82 -0.29 -0.65 -0.14 -0.33
Net Dollars saved with water supply at temperatures above 90 F (dry bulb)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

1.11 0.49 1.26 0.54 0.57 0.25

0.26 0.14 0.25 0.12 0.25 0.13

1.06 0.36 0.79 0.04 0.95 0.25

0.05 0.01 0.03 -0.01 0.03 0.00

9.04 3.49 8.59 2.36 8.00 2.85

0.00 -0.01 0.00 0.00 0.00 -0.01

Saving Difference Between the Two Controls (Ambient DB Temperatures above 90 F - All Ambient Temperatures)
Medium office Secondary school Supermarket
RA10A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

-3.16 0.19 -3.20 -0.13 -1.24 -0.11

-2.42 -0.09 -2.60 -0.43 -1.49 -0.28

-1.53 1.36 -1.72 1.44 -1.27 0.62

-0.06 1.24 -0.19 0.77 -0.06 0.36

-1.34 2.55 -1.98 1.94 -1.02 0.86

0.94 1.81 0.29 0.65 0.14 0.32




Equipment COP = 3.0 (w/o indoor fan)

Table D.6. Annual dollars saving per cooling ton, COP = 3.0, Ewb = 0.9

Net Dollars saved with water supply at all ambient temperatures (dry bulb)

Medium office Secondary school Supermarket
City R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment
Albuquerque, New Mexico 9.71 1.35 9.99 1.88 4.06 0.93
Atlanta, Georgia 6.41 1.20 6.62 1.63 4.04 1.20
Houston, Texas 8.60 0.96 8.71 0.29 6.99 1.42
Minneapolis, Minnesota 1.59 -1.24 1.48 -0.67 0.67 -0.29
Phoenix, Arizona 28.72 8.45 30.40 7.97 24.67 9.18
Seattle, Washington -0.53 -2.35 -0.04 -0.80 0.02 -0.39
Net Dollars saved with water supply at temperatures above 90 F (dry bulb)
Medium office Secondary school Supermarket
RA10A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

2.38 1.03 2.75 1.14 1.23 0.52

0.58 0.31 0.56 0.26 0.55 0.29

2.80 1.28 2.36 0.72 2.61 1.09

0.14 0.05 0.10 0.01 0.09 0.03

23.02 10.86 23.40 9.35 21.11 9.67

0.03 0.00 0.00 0.00 0.03 0.00

Saving Difference Between the Two Controls (Ambient DB Temperatures above 90 F - All Ambient Temperatures)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

-7.33 -0.32 -7.25 -0.75 -2.82 -0.41

-5.83 -0.89 -6.06 -1.37 -3.49 -0.91

-5.80 0.32 -6.35 0.43 -4.38 -0.33

-1.46 1.29 -1.38 0.69 -0.58 0.32

-5.70 241 -6.99 1.38 -3.56 0.49

0.56 2.35 0.04 0.80 0.01 0.39



Equipment COP = 4.0 (w/o indoor fan)

Table D.7. Annual dollars saving per cooling ton, COP = 4.0, Ewb = 0.9

Net Dollars saved with water supply at all ambient temperatures (dry bulb)

Medium Office Secondary School Supermarket
City RA410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment
Albuquerque, New Mexico 6.69 0.39 6.92 0.82 2.82 0.47
Atlanta, Georgia 4.56 0.65 4.75 1.00 2.90 0.77
Houston, Texas 5.35 -0.41 5.33 -1.02 4.43 0.22
Minneapolis, Minnesota 0.69 -1.46 0.73 -0.90 0.32 -0.40
Phoenix, Arizona 18.00 2.70 18.75 1.82 15.64 3.95
Seattle, Washington -0.95 -2.34 -0.26 -0.84 -0.11 -0.42
Net Dollars saved with water supply at temperatures above 90 F (dry bulb)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

1.69 0.67 1.94 0.73 0.87 0.34

0.42 0.22 0.41 0.18 0.40 0.21

1.88 0.73 1.51 0.28 1.73 0.58

0.09 0.02 0.06 -0.01 0.06 0.01

15.12 5.94 14.89 4.28 13.65 5.01

0.01 -0.01 0.00 0.00 0.01 -0.01

Saving Difference Between the Two Controls (Ambient DB Temperatures above 90 F - All Ambient Temperatures)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

-4.99 0.28 -4.98 -0.09 -1.95 -0.13

-4.15 -0.43 -4.35 -0.82 -2.50 -0.56

-3.47 1.14 -3.82 1.30 -2.70 0.36

-0.60 1.48 -0.67 0.89 -0.27 0.41

-2.88 3.25 -3.86 2.47 -2.00 1.06

0.97 2.33 0.26 0.84 0.12 0.41




Table D.8. Annual dollars saving per cooling ton, COP = 5.0, Ewb = 0.9

Equipment COP = 5.0 (w/o indoor fan)

Net Dollars saved with water supply at all ambient temperatures (dry bulb)

Medium office Secondary school Supermarket
City RA10A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment | R22 equipment
Albuquerque, New Mexico 4.87 -0.18 5.08 0.18 2.08 0.20
Atlanta, Georgia 3.46 0.33 3.63 0.63 2.22 0.51
Houston, Texas 3.41 -1.23 3.30 -1.81 2.89 -0.49
Minneapolis, Minnesota 0.14 -1.59 0.27 -1.04 0.11 -0.47
Phoenix, Arizona 11.57 -0.76 11.76 -1.88 10.23 0.82
Seattle, Washington -1.21 -2.33 -0.39 -0.86 -0.19 -0.44
Net Dollars saved with water supply at temperatures above 90 F (dry bulb)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

1.28 0.46 1.46 0.49 0.66 0.23

0.33 0.17 0.31 0.13 0.31 0.16

1.33 0.41 1.00 0.01 1.20 0.27

0.06 0.00 0.03 -0.02 0.04 0.00

10.38 2.99 9.78 1.24 9.17 2.22

0.00 -0.02 0.00 0.00 0.00 -0.02

Saving Difference Between the Two Controls (Ambient DB Temperatures above 90 F - All Ambient Temperatures)
Medium office Secondary school Supermarket
R410A equipment | R22 equipment | R410A equipment | R22 equipment | R410A equipment R22 equipment

-3.59 0.64 -3.62 0.31 -1.43 0.03

-3.13 -0.16 -3.32 -0.49 -1.91 -0.35

-2.08 1.64 -2.30 1.81 -1.69 0.77

-0.08 1.59 -0.24 1.02 -0.08 0.47

-1.20 3.75 -1.98 3.12 -1.06 1.41

1.21 2.31 0.39 0.86 0.19 0.42
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