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REPORT SUMMARY
L

Electric Chiller Handbook

Electric chillers have dominated the market for large commercial
cooling systems due to their history of reliable, economical operation.
This handbook provides a comprehensive guide for use in selecting
chillers for commercial cooling needs. Key issues include chiller
availability, rated performance, future viability of various refrigerant
options, the cost-effectiveness of alternative chillers, and chilled-
water system optimization.

BACKGROUND With the present phaseout of chlorofluorocarbon (CFC) and
coming phaseout of hydrochlorofluorocarbon (HCFC) refrigerants, chiller manu-
facturers are rapidly changing the features and performance of their products

and owners are accelerating replacement of existing chillers. Users and system
designers thus need up-to-date information on applying and selecting cost-effective
chiller systems.

OBJECTIVE To develop a comprehensive handbook that helps utility technical
and marketing staff, their customers, and design professionals evaluate and select
the best options for chilled water systems in commercial buildings.

APPROACH Investigators used a variety of industry data sources to develop
market share information for electric and gas chiller systems and to determine
applications according to building type, age, and region. Discussions with chiller
manufacturers provided information on product availability, performance, and
ownership cost. Using EPRI's COMTECH software, investigators performed
comprehensive cost analyses for placement of large and small chillers in three
representative cities. Case studies of actual installations support these analyses.

RESULTS EPRI’s Electric Chiller Handbook provides a single source of current
information on all major issues associated with chiller selection and application.
Key issues include chiller availability and markets, rated performance, future
viability of various refrigerant options, the cost-effectiveness of alternative chillers,
and chilled-water system optimization. The handbook also describes available
hardware, outlines the features and costs of gas-fired competitive systems, and
provides methods and comparisons of life-cycle costing of various chiller system
options.

Analyses of chiller features and economics show that electric chillers are preferable
to gas chillers in the large majority of applications, consistent with current market
trends. Furthermore, today’s chillers offer a wide range of efficiencies and refriger-
ant options to serve cooling system needs for the 20-year lifetime of the chiller.
Finally, new higher-efficiency models of electric chillers offer very attractive
paybacks.
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EPRI PERSPECTIVE The end of CFC production as of December 31,
1995, ensured the movement away from chlorine-containing refrigerants.
During this time of accelerated chiller system replacement, electric
utilities can be a valued source of information for customers selecting new
systems. This handbook provides the most up-to-date system selection
information and will be revised as new options become available. The
handbook is one component of EPRI’s extensive information and software
addressing commercial cooling issues. EPRI’s Commercial Cooling
Updates, for example, discuss a wide range of commercial cooling con-
cerns and provide numerous case studies. These updates are available
through the EPRI Distribution Center.
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Electric chillers dominate the space cool-
ing market for large comumercial build-
ings. In 1992, about 94% of large water
chillers shipped in the United States had
electric drives, with the balance being
primarily gas-fired technologies (EPRI
1993e). For this report, a large chiller is
defined to have a capacity greater than
or equal to 100 tons. The two primary
types of gas-fired technologies that com-
pete with electric motor-driven chillers
are absorption and engine-driven sys-
tems.

For comparison, shipments of large
electric centrifugal and screw chillers
declined slightly (0.9% per year) during
the time period of 1986 to 1992 (estimat-
ed shipments in 1992 were 2950 units
compared to 1986 shipments of 3113).
Competing gas-fired absorption chillers
showed an increase in shipments during
this same period, increasing at an annual
rate exceeding 9% (total shipments in
1992 estimated at 307 units compared to
180 in 1986).

Much of the chiller shipment market is
currently being driven by the CFC pro-
duction ban that took effect at the end of
1995. As a result, the pace of electric
chiller replacements and/or retrofits is
expected to continue at a strong pace. By
some estimates, there are approximately
80,000 electric chillers in the United
States that use CFC-11 or CFC-12 (pro-
duction of both was banned after 1995).
Estimates suggest that 15,000 to 20,000 of
these chillers will be converted or
replaced to operate with alternative
refrigerants by the end of 1995 (News
1995b). These numbers suggest that per-
haps 60,000 to 65,000 CEC electric
chillers will still face retrofit, replace-
ment, or continued operation with CFCs
at the end of 1995.

During this time of high sales activity,
electric utility personnel have an oppor-
tunity to assist building owners with the
chiller selection process. To provide
valuable assistance, it is important that
utility personnel have accurate technical
and economic information for electric as
well as competing gas systems. The
intent of this Handbook is to fulfill this
information need.



1.1 OBJECTIVE

The objective of the Electric Chiller
Handbook is to provide utility marketing
managers, market planners, and account
representatives with information to
assist their commercial building cus-
tomers with the selection of water
chillers.

The Handbook is targeted for systems in
the range of 100 to 2000 tons of
cooling and is intended to address the
selection of electric chillers with either
centrifugal or screw compressors. These
electric systems frequently compete with
natural gas-fired absorption or engine-
driven technologies, and competitive
issues are presented. Information in the
Handbook includes

® Market Breakdown of Installed
Chiller Base and Recent Sales Trends

* Technology Descriptions for Both
Electric and Gas Chillers

* Manufacturers and Product Offerings
* Selection and Optimization Criteria
¢ Chiller Economics

The focus of the Handbook is on chiller
selection. Other components in the
chiller plant (e.g., cooling towers, con-
densers, pumps, and piping) are
described for completeness. However,
detailed reference data (e.g., manufac-
turers and product offerings) for these
ancillary systems are not included.

In some cases, chillers beyond the tar-
get size range (100 to 2000 tons) are dis-
cussed. For example, in the market
analysis much of the available data does
not report chiller size, and systems out-
side the 100-to 2000-ton-size range are
undoubtedly included. For product
offerings, chillers beyond the upper size
range are included if these large chillers
are part of a family of products that cov-
ers the target size range.

'One ton of cooling = 12,000 Btu/h

1 Infroduction

2
3
4

Chiller Market
Description of Chiller Systems
Product Offerings

Selection Factors

> O,

Optimization

7 Chiller Economics

1.2 ORGANIZATION

The Handbook is comprised of seven sec-
tions as shown in Table 1-1. A bibliogra-
phy and supporting appendices are
included for additional reference.

Following the introduction, an
overview of the chiller market in the
United States is provided in Section 2.
This market analysis includes a discus-
sion of the installed chiller population by
number of buildings and cooled floor
space. Breakdowns by building size,
geographic region, and building age are
included. The market analysis also
includes a summary of chiller sales
trends over the past 25 years for both
electric and gas systems.

Sections 3 and 4 describe typical water
chiller systems. A technical overview of
common electric and gas systems is
included in Section 3, and chiller product
offerings by vendor are listed in Section
4. The chiller technologies examined in
greatest detail are listed in Table 1-2.



Primary Power Source

Technology

Electric Centrifugal Compressor
Screw Compressor
Gas Absorption (Direct-Fired, Double-Effect)

Engine-Driven

Sections 5 and 6 cover selection factors
and optimization issues. In Section 5, the
significant issues involved in chiller
plant design are discussed. Variables
such as cost (e.g., first, operating, and
maintenance), refrigerant options, per-
formance (e.g., part-load efficiency), and
physical characteristics are examined. In
Section 6, several strategies for optimiz-
ing chilled water systems are discussed.
These strategies are summarized relative

to specific utility and building owner
objectives. To provide a practical per-
spective, Section 6 includes recent case
studies involving chiller installations.

The final section includes an economic
analysis of chiller options based on the
COMTECH™ computer program.
Chillers near 200 and 700 tons are exam-
ined based on the parameters shown in
Table 1-3.

Variation

Parameter

Chiller Type

Electric Centrifugal, Standard Efficiency
Electric Centrifugal, High Efficiency
Gas Engine, Screw Compressor

Gas Absorption

Building Type

]

]

]

]

] Office
] Retail
]
]

School

Health Facility

Cities

? COMTECH"™ is an interactive screening tool developed by the Electric Power Research Institute for
evaluating the cost impacts of various commercial building technologies.
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The U.S. Department of Energy (DOE
1994) reports that there are approximate-
ly 4.8 million commercial buildings® in
the United States with a total floor space
of nearly 68 billion ft”. Figure 2-1 shows
the distribution by number and floor
space as a function of building size. As
indicated in Figure 2-1, 95% of all com-
mercial buildings are under 50,000 ft2,
accounting for just over half of the total
commercial building square footage.

In recent years, the U.S. DOE has sur-
veyed building owners and managers to
determine a wide variety of characteris-
tics for this commercial building stock,
including the prevalence of chillers.
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Based on this DOE data, the installed
chiller base can be examined as a func-

tion of the following variables
¢ Building Size

* Geographic Region

* Building Age

-~ e
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Approximately 3% of the 4.8 million
commercial buildings have chillers
(DOE, 1994)4. Because chillers dominate
installations in larger buildings, the frac-
tion of floor space cooled by chillers is
significantly higher (19%).

e

B 3ased on 4.8 Millon Buildings
Based on 68 Billion ft2 of Floor Space

200-500 >500

Figure 2-1. Commercial Building Inventory
Source: DOE/EIA (1994)

* Defined as a non residential, non agricultural, non industrial building larger than 1000 ft2.

* These statistics include both gas and electric chillers installed in buildings greater than 1000 ft2. In
some cases, buildings may have multiple chillers. The number of chillers installed per building is not

reported in the DOE (1994) reference.
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Figure 2-2. Chiller Distribution by Building Size
Source: DOE/EIA (1994)

Figure 2-2 shows chiller installations as
a function of building size. As indicated,
59% of all chillers are installed in build-
ings under 50,000 ft*. The majority of
these chillers in small commercial build-
ings are likely to be electric-powered sys-
tems with reciprocating compressors®.
Water chillers with centrifugal and screw
compressors generally have higher
capacities and are thus suited for large

50 -

Percent

Northeast

Midwes

buildings (>50,000 ftz). Buildings above
50,000 ft? are reported to have 41% of all
chillers and 87% of all chilled building
floor space.

2.2 CHILLERS BY GEOGRAPHIC
REGION

Figures 2-3 and 2-4 illustrate the distrib-
ution of chillers for various geographic
locations (see Figure 2-5 for regional

B rercent of Population Based on 4.8 Miliion Buildings
W Percent of Floor Space Based on 68 Billion f2

Region

Figure 2-3. Building Breakdown by Region
Source: DOE/EIA (1994)

* Quantitative data on energy source for chillers and compressor style not reported in the DOE (1994)

reference.
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Figure 2-4. Chiller Distribution by Region
Source: DOE/EIA (1994)

boundaries). The southern region of the
United States has just over 40% of all
commercial buildings and slightly under
40% of the estimated floor space for the
entire country (Figure 2-3). The chiller
inventory in the South closely follows
the building inventory (Figure 2-4).

A comparison of Figures 2-3 and 2-4
reveals that the regional building break-
down data compares within two per-
centage points to the regional
distribution data (Figure 2-4), with the
exception of the population in the
Northeast (16% of buildings, 20% of
chillers) and the population in the
Midwest (25% of buildings, 21% of
chillers).

2.3 CHILLERS BY BUILDING AGE

The pie charts in Figures 2-6 and 2-7 pro-
vide insights into the relationship of
building age and chiller installations. Of
the 142,000 buildings with chillers,
approximately 36% were constructed
prior to 1960, which represents 22% of
the total floor space conditioned by
chillers. For buildings constructed in the
1960s, the percentage of buildings with
chillers closely matches the floor space
percentage (25% with chillers, 23% of
floor space). In the 1970s, the percentage
of chilled floor space exceeded the popu-
lation percentage (19% of buildings with
chillers, 26% of chilled floor space). A
similar disparity occurred in the 1980s

Midwest

Northeast

Figure 2-5. Regional DOE/EIA Boundaries



1990-92 (4%)

1980-89 (16%)

1970-79 (19%)

pre 1960 (36%)

1060-69 (25%)

Figure 2-6, Buildings with Chillers by Building Construction Date

Source: DOE/EIA (1992)
Base: 142,000 Buildings with Chillers

1990-02 (4%)

1980-89 (25%)

1970-79 (26%)

pre 1960 (22%)

g 1960-69 (23%)
.

-
.

-

Figure 2-7. Chilled Floor Space by Building Construction Date

Source: DOE/EIA (1992)
Base: 13 Billion ft’ Cooled by Chillers

(16% of buildings with chillers, 25% of
chilled floor space). From 1990 to 1992,
the percentages have been similar at 4%
each.

Through the end of the 1980s, the data
in Figures 2-6 and 2-7 suggests that
chillers were being installed in larger
buildings over time. This trend explains
a generally increasing percentage of
chilled floor space and a generally
declining percentage of buildings with
chillers. After 1990, the percentages have
been similar (4%).

Building age data can provide an indi-
cation for chiller replacement trends. For
example, for the three decades from 1960
to 1989, the number of buildings with

chillers declined from 25% to 19% to 16%
(Figure 2-6). This data implies that the
number of first-time chiller replacements
should also decline as chillers reach the
end of their useful life (typically in the
range of 20 to 30 years). This conclusion,
however, does not account for replace-
ments due to other reasons (e.g., CFC
curtailments), nor does it include sec-
ond-time chiller replacements that might
occur in older buildings.

As noted in the following section,
chiller shipments are actually rising
sharply, and buyers are facing consider-
able lead times for new electric and gas
chillers. This recent buying trend is
undoubtedly driven by a combination of
factors, including replacement of older
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Figure 2-9. Chiller Shipment Trends (all sizes)

Source: [1] News (1993) and News (1995a) [2] AGA (1994)

chillers near the end of their useful life,
replacement of younger CFC chillers
with non-CFC alternatives, and the pur-
chase of chillers for new installations.

Chillers are purchased for new construc-
tion and replacement needs. For new
construction, chiller demand is most

closely correlated with commercial
building growth patterns. A recent six-
year period (1986-1992) for this growth
is shown in Figure 2-8, which indicates
that the total commercial building popu-
lation grew at an annual rate of 2.5% (4.2
to 4.8 million). The largest growth rate
(3.8%) occurred in the south (Figure 2-5
for boundaries), which is also the region
with the largest building population
{nearly two million buildings in 1992).
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Figure 2-10. Gas Chiller Shipments

Source: [1] News (1993) and News (1995a) [2] AGA (1994)

Replacement chiller purchases have
accelerated in recent years due to the
CFC production ban that takes effect at
the end of 1995. This production ban has
prompted many CFC chiller owners to
retire chillers early and replace these
machines with non-CFC alternatives.
Early retirement of CFC machines com-
bined with demand for expected
replacements (i.e., those chillers at the
end of their economic life) and new con-
struction have caused a noticeable and
sustained upturn in shipments (Figure
2-9). As indicated in Figure 2-9, electric
chiller shipments are about one order of
magnitude greater than gas chillers®.
However, gas chiller shipments, particu-
larly for absorption technologies, are
increasing sharply (Figure 2-10).

It is important to note that the ship-
ment data in Figures 2-9 and 2-10 are
based largely on data supplied by manu-
facturers to the American Refrigeration
Institute (ARI) and subsequently
released to various trade publication
(e.g., the Air Conditioning, Heating and
Refrigeration News). The data in Figures

2-9 and 2-10 cover both large and small
systems. For comparison, shipment data
for larger chiller systems (>100 tons) are
shown in Figure 2-11.

Figure 2-11 suggests that shipments of
gas-fired absorption systems are
rebounding and beginning to capture a
larger share of the large chiller market.
For the period 1986-1992, shipments of
electric centrifugal and screw chillers
declined slightly (0.9% per year) from
3113 to 2950 units. Over this same peri-
od, absorption shipments increased from
180 to 307 (9.3% average annual
increase). The number of commercial
buildings grew at an average annual rate
of 2.5% for this same six-year period.

¢ Data for engine-driven and absorption systems from AGA (1994) covers systems above 15 tons.
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A chilled-water system provides cooling
by extracting energy (i.e., heat) from a
building and transferring this energy to
the outside environment, generally
through a cooling tower. A diagram of a
basic chilled-water system with a single
chiller 7 is shown in Figure 3-1. The
chilled-water system is comprised of
three main elements

* Chiller
¢ Chilled-Water Loop
¢ Condenser-Water Loop

The chiller is typically packaged and
supplied by the manufacturer as a single
skid-mounted unit. The chiller contains
the condenser and evaporator compo-
nents that are connected in the field to
the condenser- and chilled-water loops,
respectively. The chilled-water loop con-

Cooling Tower

-

s

-

Condenser ~— =

Refrigerant Loop -

PamAancor. fifatar | Eat Rl
Condenser-flater Locy Chlle

nects the chiller to the building, and
includes a chilled-water pump, miscella-
neous piping, and an air-handling unit.
The condenser-water loop connects the
chiller to the cooling tower, and includes
a condenser pump and miscellaneous
piping.

A variety of energy sources can be
used to drive the chiller cycle (e.g., elec-
tricity, natural gas, diesel fuel, or steam).
Electric, gas, steam, and other types of
chillers all represent alternative methods
of producing the chilled water. Each
type may be used as the chiller element
in Figure 3-1. Regardless of chiller type,
the components and functions of the
chilled-water loop and condenser cool-
ing-water loop remain the same.

Air Handler - d
S ,y .
——m—----— Evaporator
& -
Pump
gr Chifled-iater Looy

Figure 3-1. Chilled-Water System

7 Chilled-water systems frequently contain multiple chillers.
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Figure 3-2. Electric Chiller Diagram

3.1 ELECTRIC CHILLERS

Electric chillers use a vapor compression
refrigeration cycle, also known as a two-
phase mechanical refrigeration cycle, for
transferring heat. A diagram for a typical
water-cooled electric chiller is shown in
Figure 3-2. The chiller includes an elec-
tric motor, a refrigeration compressor, a
condenser, an evaporator, an expansion
valve, and controls. A photograph of a
typical water-cooled electric chiller is
shown in Figure 3-3.

For smaller chillers (up to 250 tons), an
air-cooled condenser is often used rather
than a water-cooled arrangement as
shown in Figure 3-2. Air-cooled con-
densers use one or more fans, instead of
a cooling tower, to cool the hot refriger-
ant vapor. For an air-cooled system, the
condenser and fan(s) are typically sup-
plied as a single unit and located remote-
ly from the chiller. Similarly evaporative
condensers can replace the cooling tower
and condenser water loop.

The electric chiller vapor compression
cycle operates in the following manner
(numbered items in Figure 3-2 corre-
spond to the following explanations):

1. The compressor is used to compress
the low-pressure refrigerant vapor to
a high-pressure vapor. An electric
motor powers the refrigeration com-
pressor.

2. The high-pressure refrigerant vapor is
cooled and condensed to a high-pres-
sure liquid in the condenser. The con-
denser removes heat from the
refrigerant and rejects it through a
condenser cooling-water loop to the
cooling tower.

3. An expansion valve or pressure
reducer is used to lower the pressure
of the liquid refrigerant that passes
into the evaporator.

4. In the evaporator, the low-pressure
liquid refrigerant vaporizes, removing
heat from the chilled water. The low-
pressure refrigerant vapor then
returns to the compressor inlet.

Figure 3-3. Electric Chiller
Source: Carrier Corporation



Numerous refrigerants have been devel-
oped for vapor compression systems,
primarily halogenated carbon com-
pounds (also called halocarbons) having
specific thermodynamic, physical, and
chemical properties that make them suit-
able for use as refrigerants in vapor com-
pression cycles. Compressors and
chillers are typically designed around
the thermodynamic characteristics and
physical properties of a specific refriger-
ant.

In the past, the majority of refrigerants
used in electric chillers were CFCs (chlo-
rinated-fluorocarbons). In the case of
electric chillers configured with centrifu-
gal compressors, approximately 80%
were designed to use CFC-11. About
15% of these centrifugal chillers used
CFC-12, and the balance used a mix of
refrigerants, including CFC-113, CFC-
114, and CFC-500 (EPRI, 1990a).

The recent concerns over the Ozone
Depletion Potential (ODP) and Global
Warming Potential (GWP) of CFC refrig-
erants has led to production bans on
CFCs and to the introduction of alterna-
tive refrigerants. These alternatives
include HCFCs (hydro-chlorinated-fluo-
rocarbons) and HFCs (hydro- fluorocar-
bons) with much lower ODP and GWP
levels. A comparison of ODP and GWP

levels for various CFCs and possible
replacements is shown in Table 3-1. Note
that a suggested replacement for CFC-11
is HCFC-123, and a possible replacement
for CFC-12 is HFC-134a (EPRI 1995d).

5.1.2 COYPRESSORS

Electric chillers are typically classified by
the type of refrigeration compressor
used. Three types of compressors are
commonly used in electric chiller appli-
cations: centrifugal, screw, and recipro-
cating. A fourth type, the scroll
compressor, is less frequently used, and
a fifth type, the hydraulic compressor, is
under development. A comparison of
centrifugal, screw, and reciprocating
compressors is presented in Table 3-2,
and a discussion of each is presented in
the following sections.

Centrifugal Compressors

Centrifugals are the most common type
of compressor used for electric chillers.
Figure 3-4 diagrams a typical centrifugal
compressor. Centrifugal compressors are
turbo-machines, rather than positive-dis-
placement devices. Pressure and flow of
the refrigerant is developed by means of
a rotating impeller. Refrigerant vapor
enters the compressor near the center of
the impeller. The vapor is spun out from
the center of the impeller and com-
pressed by centrifugal forces.

1. Diffuser Opening

2. Diffuser Ring

3. Compressor Impeller

4. Variable Inlet Guide Vanes
5. Coordinating Ring

6. Actuating Rods

7. Program Cams

Figure 3-4. Typical Centrifugal Compressor
Source: Carrier Corporation
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Refrige Componenis Typicai Use ODP WP
Traditional Refrigeranis in Use
R-11 CFC-11 most centrifugal chillers (low-pressure) 1.00 1.00
R-12 CFC-12 commercial & residential refrigeration 1.00 2.09
centrifugal chillers (med-pressure)
auto a.c.
R-22 HCFC-22 direct expansion a.c. (heat pumps, etc.) 0.06 0.43
SCrew compressors
centrifugal chillers (high-pressure)
R-500 CFC-12/HFC-152a centrifugal chillers (med-pressure) 0.70 1.60
R-502 HCFC-22/CFC-115 commercial refrigeration 0.20 1.30
R717 ammonia industrial refrigeration 0.00 0.00
New Refrigerants in Use
R-134a HFC-134a CFC-12 compressors 0.00 0.34
R-123 HCFC-123 CFC-11 compressors 0.02 0.02
R-401A HCFC-22/124/HFC-152a CFC-12 retrofit in comm’l refrigeration 0.03 0.27
R-402A HFC-125/HCFC-22/R-290 R-502 retrofit in existing equipment 0.02 0.58
R-404A HFC-125/143a/134a R-502 alternative 0.00 0.68
R-407A HFC-32/125/134a R-502 retrofit in existing equipment 0.00 0.49
R-407C HFC-32/125/134a R-22 alternative 0.00 0.39
R-408A HFC-125/143a/HCFC-22 R-502 retrofit in existing equipment 0.03 0.78
R-409A HCFC-22/124/142b CFC-12 retrofit in comm’| refrigeration 0.05 0.31
R-507 HFC-125/143a R-502 alternative 0.00 1.02
Refrigeranis Under Consideration
R-32 HFC-32 blends 0.00 0.15
R-124 HCFC-124 blends 0.02 0.12
R-125 HFC-125 blends 0.00 1.00
R-143a HFC-143a blends 0.00 1.10
R-152a HFC-152a blends 0.00 0.04
R-290 propane blends 0.00 0.00
R-410A HFC-32/125 R-22 alternative 0.00 1.02
R-410B HFC-32/125 R-22 alternative 0.00 1.02

Source: EPRI (1995d) and EPRI (1993c)
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Screw

Compressor Operation

turbo-machine

positive-displacement

positive-displacement

Available Sizes (tons) 80-10,000 40-1250 15-300
Common Applications (tons) 200-2,000 150-400 50-200
Full-Load Efficiency (kW/ton) 0.50-0.70 0.60- 0.75 0.90-1.00
Refrigerant HCFC-123 — —
HCFC-22 HCFC-22 HCFC-22
HFC-134a HFC-134a HFC-134a
— ammonia ammonia
Turndown 20-40% of full load 10-20% of full load 20-30% of full load

Capacity Control Method

¢ inlet guide vanes
¢ variable freq. drive

* hot gas by pass

® slide valves
® variable freq. drive

* hot gas by pass

¢ cylinder unloaders

® hot gas by pass

Noise/Vibration medium medium-high low
Motor Speed (max rpm) 3,600 3,600 3,600
Compressor Speed (max rpm) 3,600-35,000 3,600 3,600
Drive Type * open ® open * open

® semi-hermetic

® semi-hermetic

® semi-hermetic

* hermetic ® hermetic
Condenser Cooling water or air water or air water or air
Advantages * high full-load efficiency e small * low first cost
¢ reliable * light weight *® parts & service
readily available
» reliable
Disadvantages ® surge at low loads * low full-load efficiency ¢ low efficiency

* small sizes are
expensive to purchase

® [ube oil separation
required

Source: E-Source (1995), EPRI (1995d), EPRI (1993¢), Haines (1994), and Manufacturers’ Literature
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Figure 3-5. Typical Single-Screw Compressor Design

Source: ASHRAE (1992)

Centrifugal compressors may use sin-
gle-stage compression (with single
impellers and speed-increasing gear dri-
ves) or multistage compression (with
multiple impellers and direct drives).
Capacity control is achieved through
adjustment of inlet guide vanes or motor
speed. Centrifugal compressors are com-
monly used for chillers with capacities
above 200 tons.

Screw Compressors

The use of screw compressors for electric
chillers is increasing. Screw compressors
are displacing smaller centrifugal com-
pressors and reciprocating compressors.
Screw compressors are positive-dis-
placement devices available in single-
screw or twin-screw designs. The
single-screw design consists of a helical
main rotor and two star wheels or gate
rotors. A typical single-screw compres-
sor design is illustrated in Figure 3-5.
The twin-screw design consists of two
inter-meshing helical gears. In both
designs the refrigerant vapor is com-
pressed between the tightly sealed, rotat-
ing components. Capacity control is
achieved through adjustment of slide
vanes and motor speed. Screw compres-
sors are commonly used on chillers with
150- to 400-ton capacities.
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Reciprocating Compressers

A typical reciprocating compressor
design is illustrated in Figure 3-6.
Reciprocating compressors are positive-
displacement devices. The refrigerant is
compressed by a number of single-acting
pistons operating in cylinders. Designs
are available with 1 to 12 cylinders.
Capacity control is accomplished
through cylinder unloading and motor
speed control. Reciprocating compres-
sors are commonly used on chillers with
50- to 200-ton capacities.

3.1.3 ELECTRIC #OTORS
Approximately 94% of all chillers are
powered by electric motors (EPRI,
1993e). Compressors may be connected
to electric motors through the use of
belt-drives, direct-drives, or gear-drives
(transmissions). Gear-drives are used
when the electric motor speed must be
matched to the compressor speed.
Speed-increasing transmissions are com-
monly used between electric motors and
centrifugal compressors. When a direct-
drive is used, the motor is often connect-
ed to the compressor drive-shaft through
a flexible metal coupling that reduces
vibration and alignment problems.

Electric motors are available in a range
of efficiencies. For standard efficiency
open-drive motors in the size range from



€0

1. Oil level sight glass
2. Ol drain
3. Reversible oil pump

4. Statically and dynamically
balanced crankshaft

5. Unrestrictive suction gas inlet

g 6. Fine-mesh suction screen
7. Precision ground valve plate
16 assembly with Swedish steel
ring valves

i 8. Internal capacity control system

9. Time-proven shaft seal
assembly

10. Removable cylinder lingrs

11. Forged-stee! connecting rods
with replaceable bearing insarts

Figure 3-6. Typical Reciprocating Compressor Design

Source: Carrier Corporation

3 to 100 hp, efficiencies range from 80%
to 92% (ASHRAE 1992). High-efficiency
electric motors above 100 hp typically
have efficiencies of 95-96%.

The relatively large electric motors
used with chillers almost always use
three-phase power. Electric motors up to
500 hp are generally wired to 480-VAC
or 575-VAC electrical supplies. Above
approximately 500 hp, motors are fre-
quently wired to three-phase power at
2300 VAC or 4160 VAC. Electric motors
are controlled using motor starters, con-
tactors, and current-limiting devices.
Power factor * control capacitors may be
required if the power factor is below 0.8.
Low power factor often results when
motors are oversized or are operated
under part-load conditions. Adjustable
speed drives can be used to control
motor speed and reduce power con-
sumption.

Three general motor configurations are
available for electric chillers: hermetic,
semi-hermetic, and open-drive. Each is
discussed in the following sections.

Hermetic

Hermetic designs integrate the compres-
sor and electric motor. The compressor
and motor components are on the same
shaft and are contained in a sealed hous-
ing to prevent refrigerant loss.
Refrigerant leakage is minimized as
there are no seals around rotating shafts.
Since hermetic motors are cooled by the
refrigerant, motor heat is removed by
the condenser and does not have to be
removed from the equipment room
through ventilation. Hermetic designs
protect the motor from dust and dirt and
are more efficient at part-load operation.
Hermetic designs are more difficult to
repair in the event of a motor failure as
the refrigerant must be removed or iso-
lated.

Semi-hermetic

Semi-hermetic designs have separate
housings for the compressor and motor.
The housings have matching flanges and
seals to prevent refrigerant leakage.
Seals around the rotating compressor
and motor shafts are, therefore, not
required.

* Power factor is a unitless value between 0 and 1, and is the ratio of real to apparent power.
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Open-Drive

Open-drive designs use an electric motor
coupled to the compressor through a
flexible coupling, gear drive, or belt
drive. A shaft seal on the compressor
must be provided to prevent refrigerant
leakage. Refrigerant does not have to be
removed when the motor is repaired.
Open-drive designs allow for a wider
range of choices for motor size, type, and
efficiency. In addition, the motors on
open-drives are commonly available and
are easier to repair. Motors have com-
mon NEMA frame designations with
standardized mounting and interface
configurations, electrical connections,
and drive-shaft connections.

5.1.4 CONDENSERS

The condenser cools and condenses the
hot, compressed refrigerant vapor after
it leaves the compressor. Condensers
may be air-cooled, water-cooled, or
evaporatively cooled.

Air-Cooled Condensers

The air-cooled condenser is essentially a
refrigerant-to-air heat exchanger. The
refrigerant passes through finned tubes,
and electric fans are used to blow air
across them. Air-cooled condensers are
often used on screw and reciprocating
chiller packages up to about 400 tons.
They are also used on small centrifugal
chillers. Air-cooled condensers may be
integral to the chiller package or remote-
ly located. When remotely located, the
refrigerant is pumped to the air-cooled
condenser and then back to the chiller
package. Air-cooled condensers are also
common on smaller-packaged rooftop
chillers.

Weter-Cocled Condensers

Water-cooled condensers are usually
shell and tube heat exchangers. The
refrigerant vapor is circulated through
the shell, and the cooling water is circu-
lated through the tubes. Heat is removed
from the refrigerant by the cooling water
at the condenser and rejected at a cooling
tower or fluid cooler.

Water-cooled condensers are used on
centrifugal, reciprocating, and screw

chillers. Water-cooled condensers are
often mounted on the chiller package
next to the evaporator, but they may also
be remotely located.

zvaporatively Cocled Condensers

In an evaporatively cooled condenser,
the refrigerant is circulated through a
tube coil. Water is sprayed on the tube
coils, and a fan draws air across the coils
and sprays. As the water evaporates, it
removes heat from the tube coils and
refrigerant.

3.1.5 PRESSURE REDUCERS

A pressure-reducing device, such as an
expansion valve, is located in the refrig-
erant line between the condenser and
evaporator. Its function is to convert the
high-pressure refrigerant liquid to a low-
pressure mixture of liquid and vapor.

3.1.6 EVAPORATORS

The evaporator is a device for exchang-
ing heat between the low-pressure lig-
uid/vapor refrigerant and the chilled-
water loop. The low-pressure refrigerant
is evaporated, removing heat from the
chilled water. Evaporators are generally
one of two types: flooded or direct-
expansion. Both types are essentially
tube and shell heat exchangers. In flood-
ed evaporators, the chilled water flows
through the tubes and the refrigerant
flows through the shell. A straight-
through design is often used with
removable water boxes to aid in tube
cleaning. In direct-expansion evapora-
tors, the refrigerant flows through the
tubes and the chilled water flows
through the shell. A U-tube design is
often used. Baffles control the flow of
chilled water around the tubes.

< T ANNTDO AT ADTION
3.1.7 CONTROLS AND OF7 JOMS

The majority of electric chiller packages
have integral control panels, although
large chillers may have custom-built or
remotely located controls. Controls typi-
cally include devices for monitoring
compressor operation, controlling com-
pressor startup and shutdown, interfac-
ing with the chilled-water loop, and
interfacing with the condenser cooling-



water loop. Electric chiller control panels
typically include oil pressure gage, suc-
tion pressure gage, discharge pressure
gage, run-time indicator (hour meter),
compressor motor starter and overload
protection devices, compressor sequenc-
ing or short-cycle prevention timers,
control relays for condenser pump, con-
trol relays for chilled-water pump, and
controls for the cooling tower fan.

Electric chillers are available with a
variety of options. Most options depend
on the type of chiller and some are
offered only by specific manufacturers.
Common options include condenser size
and type, evaporator size, compressor
refrigerant, compressor unloading
method, relay packages, adjustable
speed drives, control enclosure type,
gage packages, and remote-control pack-
ages.

3.2 GAS-FIRED CHI
There are two main types of gas chillers:
absorption and engine-driven.

5.2.7 ABSORPTION CHILLERS

Absorption chillers are based on an
absorption, or heat-activated, thermody-
namic cycle. A two-component fluid is
circulated in the absorption cycle. One
component, the refrigerant, is alternately

absorbed and desorbed from the second

component, the absorbent. Two common

fluid pairs are water (refrigerant) with
lithium bromide (absorbent) and ammo-
nia (refrigerant) with water (absorbent).

The absorption process occurs in a sec-
tion of the chiller referred to as the
absorber, and the desorption step occurs
in a section referred to as the generator.
Absorption chillers include condenser
and evaporator sections much like elec-
tric chillers (see Figure 3-2). However,
absorption chillers can include addition-
al condenser sections that are combined
with additional generator sections. Each
set of generators and condensers is
referred to as an effect (e.g., single-effect
or double-effect). In general, chiller effi-
ciencies improve with additional effects.

Heat is added, either directly or indi-
rectly, to the generator to desorb the
refrigerant. Direct-fired chillers use a
natural-gas-fired burner to provide heat,
and indirect-fired units use hot water,
steam, or waste heat. A photograph of a
direct-fired, double-effect absorption
chiller is shown in Figure 3-7.

Table 3-3 compares the operating and
performance characteristics of single-,
double-, triple-, and quadruple-effect
absorption chillers. The single-effect and

Figure 3-7. York Model YPC-DF Absorption Chiller

Source: York International Corporation
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double-effect systems are commercially 4. The refrigerant/absorbent solution is

available, while the triple- and quadru- pumped to the generator.
ple-effect units are currently under 5. In the generator, heat is added and the
development. refrigerant is evaporated from the
Single-Effect absorbent. The concentrated
A single-effect absorption refrigeration absorbent solution is returned to the
cycle is diagrammed in Figure 3-8. The absorber section, and the refrigerant
system operates in the following man- vapor travels to the condenser.
ner: 6. In the condenser, the refrigerant vapor
1. In the evaporator, cool liquid refriger- is cooled and condensed. Heat is
ant is expanded and sprayed on the removed by the condenser-water loop
chilled-water evaporator coils. and rejected to the cooling tower. The

cool liquid refrigerant is returned to
the evaporator section, and the
process repeats.

2. The liquid refrigerant is evaporated
with heat liberated from the chilled-
water loop, thus cooling the chilled

water. Double-Effect
3. In the absorber, the refrigerant vapor Double-effect absorption chillers incor-
is cooled and condensed by the cool- porate two generator and condenser sec-

ing tower water. The liquid refrigerant ~tions as diagrammed in Figure 3-9. The

is then absorbed by an absorbent solu- ~ System operates much like the single-
tion. effect system, with the following modifi-

cations:

Size Refrigerany/  Generator

Type COor Availability (tons)  Absorbent Pair Temp. (°F) Fuel Type  Applications
Direct-Fired, 0.48-0.62  in production 3-5 ammonia/water  180-240 natural gas residential,
1-effect small commercial
Direct-Fired, 0.92-1.04  inproduction  20-1100 water/ 200-400 natural gas commercial
2-effect lith. bromide
Indirect-Fired, 0.60-0.70  in production 5-1660 water/ 180-210  hot water, commercial
1-effect lith. bromide steam
Indirect-Fired, 1.15-1.20  in production  100-1700 water/ 350 hot water, commercial
2-effect lith. bromide steam, exh.
3-effect 1.50-1.70 in development — water/ 400 natural gas, —

lith. bromide steam, exh.
4-effect 2.00 concept — water/ 500 natural gas, —

lith. bromide steam, exh.

Source: AGCC (1995a) and ASHRAE (1995)
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Figure 3-8. Single-Effect Absorption Cycle

1-4. Similar to single-effect operation as
discussed above.

5. From the solution pump, the refrig-
erant/absorbent mixture enters the
primary generator. Heat is added to
vaporize the refrigerant, and the
concentrated absorbent flows to the
secondary generator. The refrigerant
vapor passes to the primary con-
denser.

6. Inthe primary condenser, the refrig-
erant vapor is cooled and con-
densed. Heat is removed by a
closed-loop heat exchanger that
transfers energy between the prima-
ry condenser and the secondary
generator sections. The condensed
refrigerant travels to the secondary
condenser.

7. In the secondary generator, addi-
tional refrigerant is evaporated

using heat from the closed-loop heat
exchanger connected to the primary
condenser. Concentrated absorbent
solution moves from the secondary
generator to the absorber section,
and the refrigerant vapor travels to
the secondary condenser.

In the secondary condenser, refrig-
erant vapor from both the secondary
and primary condensers is cooled
and condensed. Heat is rejected to
the cooling tower. The cool liquid
refrigerant is returned to the evapo-
rator, and the process repeats.

Develepments in Trinie-=ffect and
Quadruple-Effect

Triple-effect and quadruple-effect
absorption chillers are being developed.
Triple-effect machines are nearing mar-
ket introduction, while quadruple-effect
machines are in the early stages of devel-
opment.
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Figure 3-9. Double-Effect Absorption Cycle

These machines are expected to have
significantly higher efficiencies com-
pared to existing single- and double-
effect chillers. For comparison, triple-
effect machines are anticipated to have
efficiencies, as expressed in terms of
Coefficient of Performance (COP), of 1.5
or greater. This efficiency indicates that
these machines will be on the order of
three times more efficient than single-
effect machines (typical COP near 0.5)
and approximately 50% more efficient
than double-effect chillers (typical COP
near 1.0).

Ceonirolsenc Opiicns

The control, safety, and system integra-
tion features of absorption chillers are
similar to those of electric chillers. These
include controls for startup, shutdown,
interface with the chilled-water loop,
and interface with the condenser-water
loop. In addition, absorption chillers

include motor starters for the solution
pump, burner or steam modulation con-
trols, and indicators for
refrigerant/absorbent temperature and
pressure. Refrigerant loss must be moni-
tored to prevent crystallization of the
absorbent (lithium bromide).

Gas engine-driven chillers are based on
vapor compression refrigeration cycles.
A natural gas-fired internal-combustion
engine is used to power the compressor.
With the exception of the gas engine and
its ancillary components and controls,
gas engine-driven chillers are similar in
design and operation to electric chillers.
The description of the vapor compres-
sion cycle presented in Figure 3-2 is also
applicable to gas engine-driven chillers,
with substitution of a gas engine for the
electric motor. In addition, the basic



Figure 3-10. Representative Engine-Driven Chiller
Source: Tecogen

components of a gas engine-driven
chiller are similar and include refriger-
ant, compressor, gas engine drive, con-
denser, pressure reducer, evaporator,
and controls. The engine and compres-
sor components are generally mounted
on a single skid, although for Jarge
chillers the engine components may be
mounted on a separate skid. Figure 3-10
shows a representative gas engine-dri-
ven chiller.

Gas-engine-driven chillers are avail-
able that use centrifugal, screw, and
reciprocating compressors. Gas engine-
driven chillers are available from a num-
ber of manufacturers in sizes ranging
from 15 to 4000 tons. Large gas engine-
driven chillers are usually custom built.
Depending on chiller size and compres-
sor type, air-cooled or water-cooled
packages are offered. COP values typi-
cally range from 0.8 to 2.4 (AGCC 1995).
To increase capacity and provide redun-
dancy and flexibility, gas engine chillers
are often packaged with two compres-
sors and two gas engine drives.

Although many of the components of a
gas engine-driven chiller are similar to

those of an electric chiller, some specific
differences must be considered. Gas
engines, ancillary components, and con-
trols are discussed in the following sec-
tions.

Gas Engines

Gas engine-driven chillers typically use
natural-gas-fired, spark-ignited, internal-
combustion engines. Both naturally aspi-
rated and turbo-assisted models are in
use. Natural-gas-fired engines are avail-
able from a variety of manufacturers in
sizes from 50 to 2000 hp. Both automo-
tive-derivative gas engines (e.g., Teco-
drive) and industrial gas engines (e.g.,
Caterpillar, Waukesha, and Cummins)
are in use.

A primary consideration in the use of
gas engine drives is matching the engine
and compressor speeds. Smaller gas
engines are generally operated at 1800 to
3600 rpm at full speed, while larger gas
engines operate at 1000 to 1500 rpm at
full speed. Reciprocating compressors
and screw compressors with design
speeds of 1200 to 1800 rpm can be driven
directly from the gas engine. Screw com-
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pressors and centrifugal compressors
with design speeds of 3,600 to 15,000
rpm are connected to the gas engine
drive through a transmission consisting
of a series of speed-increasing gears.
Centrifugal or electric clutches are some-
times used between the engine and
transmission.

Gas engines are available with speed-
control packages. Engine speed is typi-
cally modulated between full speed
(1800 rpm) and idle speed (1000 rpm). A
minimum engine speed (idle speed)
must be maintained to assure proper
lubrication and operation of the coolant
system. Chiller output can be modulated
through a combination of engine speed
control and standard compressor capaci-
ty control (e.g., unloaders, slide valves,
and inlet vanes).

Compressors

Gas engine-driven chillers are defined
by the type of compressor used. Gas
engine-driven chillers are available with
centrifugal, reciprocating, and screw
compressors. Screw and reciprocating
compressors predominate. Centrifugal
compressors with gas engine drives are
available in larger capacities and as cus-
tom-engineered systems. Many of the
compressor characteristics, such as
refrigerant type, capacity control
method, and compressor speed, remain
the same regardless of whether a gas
engine or electric motor is used to drive
the chiller.
Anciliary Componenis
Gas engine-driven chillers are usually
larger and heavier than electric chillers
of the same capacity. Weight, size, noise,
and vibration considerations may limit
installation options. Ventilation must be
provided to control radiated heat from
the engine and exhaust systems. The
engine jacket cooling water must be
cooled; this is generally accomplished
using an air-cooled radiator. In some
cases, energy may be recovered from the
cooling water and used for other pur-
poses.

Exhaust silencers or mufflers are

required and sound-dampening enclo-
sures may be necessary. Depending on

local air quality regulations, lean-burn
engines or catalytic converters may be
required to meet emissions levels for car-
bon monoxide, nitrogen oxides, and
hydrocarbons. When speed-control
packages are used, the installation of
automatic air-to-fuel ratio control pack-
ages may be necessary to maintain low
emissions levels over the entire range of
loads and engine speeds.

Controls and Options

Gas engine-driven chiller packages are
equipped with options and controls sim-
ilar to those of electric chillers.

The control, safety, and system inte-
gration features of gas engine-driven
chillers are also similar to those of elec-
tric chillers. Again, these include con-
trols for startup, shutdown, interface
with the chilled-water loop, and inter-
face with the condenser-water loop. In
addition, gas engine-driven packages
include engine diagnostic and safety
systems, electronic ignition, and speed-
control packages. Standard options on
gas engine-driven chillers include
exhaust and engine jacket water heat-
recovery systems, sound attenuation
enclosures, automatic lubrication oil
makeup systems, emissions control
packages, air or evaporatively cooled
condensers, remote radiators, and out-
door enclosures.

3.2 ADDITIONAL CHILLER SYSTEY
COMPORENTS

As indicated in Figure 3-1, a number of
other components are, in addition to the
chiller itself, required to complete the
chilled-water system. In the following
sections, the components of the chilled-
water loop (evaporator loop), the con-
denser cooling-water loop (condenser
loop), and the air distribution system are
discussed.

3.3.7 CHILLED-WATER LOOP

The chilled-water loop is diagrammed
in Figure 3-11. The chilled-water loop
circulates chilled-water between the
chiller and remotely located air-han-
dling units. Its purpose is to remove
heat from the air in the building and
transfer it to the refrigerant in the
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Figure 3-11. Chilled-Water Loop

chiller. The chilled-water loop consists
of the evaporator, pump, piping, and
air-handling units.

Evaporator

Evaporators are refrigerant-to-chilled-
water heat exchangers. They are general-
ly included as part of the chiller package.
Pumps

The pumps used to circulate chilled
water are almost always centrifugal
pumps. The water enters a centrifugal
pump near the center of a rotating
impeller. The impeller forces the water
out from the center to the outside,
increasing its pressure. The water is col-
lected and directed to the pump outlet.

Pumps are selected to meet the flow
and pressure requirements of the sys-
tem. The pump is selected to sustain the
design flow rates with pressure drops
from the chiller, supply and return pip-
ing, valves, and air-handling units. In
addition, high-static pressure heads
must be overcome in multistory build-
ings. Pumps are generally placed
upstream of the chiller.

Depending on chilled-water loop pip-
ing layout and control strategy, multiple
pumps may be used. Variable speed
drives and throttling may be used to
increase pumping system efficiency.

Chilled-water pumps and chillers may
be configured in a number of ways.

Systems with one chiller and one
chilled-water pump are generally con-
figured as constant flow systems that
use three-way valves and bypass lines at
each air-handling unit to maintain a
constant total flow. Variable flow sys-
tems use multiple compressors and
multiple chilled water pumps with
staged operation or variable speed dri-
ves. Two-way valves are used at the air-
handling units. A system bypass line
may be required to maintain a mini-
mum flow through the chillers. Pumps
and chillers can be manifold and cross
connected to provide greater operating
flexibility and reliability.

One chilled-water pumping scheme
that has become popular uses two pip-
ing loops with separate pumps for each
loop. The primary loop uses constant
speed pumps to circulate water through
the chiller. The pumps in the primary
loop are high flow rate, low-pressure
pumps. The output of the chillers and
pumps in the primary loop is matched to
the total demand of the secondary loop.
The secondary loop uses variable speed
pumps to circulate water through the
air-handling units and the bulk of the
piping system. The pumps in the sec-
ondary system are lower flow rate, high-
er pressure pumps. Each air-handling
unit has a two-way modulating valve to
adjust chilled-water flow through the
unit. The speed of the pumps in the sec-
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ondary loop is adjusted to precisely
match the chilled-water flow with the
demand requirements of the air-han-
dling units.

Piping

The chilled-water piping loop supplies
all of the air-handling units with chilled
water and returns the water to the
chiller. Chilled-water loops consist of
supply piping and return piping that
may be configured in several ways: out-
and-back (lowest first cost, highest
pumping cost), reverse-return (highest
first cost, intermediate pumping cost), or
double-loop (intermediate first cost, low-
est pumping cost).

Chilled-water loops are often integrat-
ed with heating-water loops and may be
configured as two-, three-, or four-pipe
systems. In two-pipe systems, one pipe
is used as the chilled-water supply and
the other is used as the chilled-water
return. The same piping system can be
used in the winter to supply hot water
for heating, in which case simultaneous
cooling and heating (or reheat) is not
possible with the two-pipe system. The
three-pipe system uses one pipe for the
chilled-water supply, one pipe for the
heating-water supply, and the third pipe
as a common return. Three-pipe systems
have low efficiencies and are not com-
monly used. Four-pipe systems have
separate supply and return loops for
chilled and hot water.

The chilled-water piping system con-
sists of piping, check valves, control
valves strainers, and fittings. In addition,
bypass lines and expansion tanks may
be required. Depending on system con-
figuration, pipe diameters at the chiller
are large. Progressively smaller diame-
ters are used as the chilled-water system
divides and connects to the air-handling
units. Large-diameter piping is often
made of black steel with threaded or
flanged fittings. Small-diameter piping
to air-handling units often uses copper
tubing and soldered connections.

3.8.2 AIR DISTRIBUTION SYSTEW

Chilled water is circulated in a piping
system to remotely located air-handling

units Jocated in or near the conditioned
space. The chilled water flows through a
series of finned coils in the air-handling
unit. A fan or blower is used to move air
past the coils, transferring heat from the
conditioned air to the chilled water. The
air-handling unit may provide tempera-
ture, humidity, and ventilation control
functions. In addition to the chilled-
water piping system, a system of duct-
work may be necessary to provide
adequate air distribution, circulation,
and ventilation. The design and extent of
the system of ductwork depends on the
type of air-handling unit, the layout of
the building, and the air distribution and
ventilation requirements of the condi-
tioned space.

Chilled-water systems commonly use
two types of air-handling units: central
air-handling units or room air coils. Each
is discussed below.

Central Air-handling Units

A central air-handling unit is a large
water-to-air heat exchanger that also
provides air distribution functions. The
central air-handling unit consists of a
finned-coil heat exchanger, a blower,
and connection points for air supply and
return ductwork. It is connected to the
chiller with chilled-water supply and
return piping. Central air-handling units
are available for applications requiring
1,000 to over 50,000 cfm.

The central air-handling unit is usually
remotely located from the chiller in an
equipment room near the conditioned
space. Ductwork delivers conditioned
air to the building space. Air distribution
may be through a single duct, double
duct (with separate heating and cooling
ducts), or a triple-duct system.
Temperature is controlled at the air han-
dler by mixing hot and cold air supplies.

With a variable air volume (VAV) sys-
tem, the temperature in various building
zones is controlled with terminal units
located in the conditioned space. These
terminal units control temperature by
varying the air volume.

Room Air Coils

A room air coil consists of small, self-
contained water-to-air heat exchanger



with an integral fan. No ductwork is
connected to the room air coil, although
it may be concealed behind wall or ceil-
ing grills. The room air coil may be able
to provide both cooling and heating
functions. Designs are available that use
two-, three-, and four-pipe water distrib-
ution systems.

Room air coils are used to provide con-
ditioned air to individual rooms with
flow requirements of 100 to 1000 cfm.
Room air coils are commonly used in
hotels, motels, and apartment buildings.
Air temperature is controlled by varia-
tion of the chilled-water flow through
the room air coil. When not in use, the
air room coil fan and chilled-water flow
can be turned off (Carrier, 1989). A sepa-
rate system of ductwork may be
required to provide adequate ventilation
in buildings with energy-efficient
envelopes.

3.3.3 CONDENSER-WATER LOOP

The condenser-water loop is diagram-
med in Figure 3-12. The condenser cool-
ing water loop circulates water between
the chiller and the cooling tower. Its pur-
pose is to remove heat from the refriger-
ant. The condenser cooling-water loop
consists of the condenser, pump, piping,
and cooling tower.

Condenser

The condenser is a heat exchanger used
to transfer heat from the refrigerant to

- Cooling Tower

the condenser cooling water. Air-cooled,
water-cooled, and evaporatively cooled
condensers are used on chillers. The con-
denser may be located on the chiller
package (typical of water-cooled and
packaged air-cooled chillers) or remotely
located (typical of air-cooled chillers and
evaporatively cooled chillers). When the
condenser is remotely located, refriger-
ant is piped from the compressor outlet
to the condenser.

Pump

Centrifugal pumps are used for circulat-
ing condenser cooling water between the
chiller and the cooling tower. Condenser
cooling-water pumps, condensers, and
cooling towers may be arranged in a
one-to-one configuration or alternatively
manifold and cross connected to yield
greater operating flexibility and reliabili-
ty. Staged operation of multiple con-
denser pumps may be used. Variable
speed drives on condenser-water pumps
are rarely used. Some systems are
arranged with all chiller condensers con-
nected in series and one pump operating
at a constant flow rate. Although this
allows staged operation of the chillers, a
high pumping cost is incurred.

Piping

A single loop consisting of supply pip-
ing and return piping is used to connect
the chiller condenser and cooling tower.
Generally, black steel piping is used.
Depending on cooling tower type, water

Condenser - -

Refrigerant Loop

Condenser-Water Loop

wt - Evaporator

)klki;’vti

Chilter

Figure 3-12. Condenser-Water Loop
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must be continually added to the con-
denser cooling water loop to make up
evaporative and blowdown losses. Since
the condenser cooling water loop is an
open system, chemicals must be con-
stantly added to the water to prevent
microbiological growth and corrosion.

Cooling Towers and Fluid Coolers

Cooling towers (and fluid coolers) reject
heat from the chiller. This heat includes
the heat removed from the chilled-water
loop, as well as heat added during the
refrigeration cycle. In addition, heat
from a hermetic or semi-hermetic electric
motor or gas engine drive can be rejected
through the cooling tower. The cooling

tower must be sized to reject the heat
from all of these sources.

A rule of thumb often used for sizing
cooling towers for electric chillers
assumes a chiller efficiency of 0.88
kW /ton and 15,000 Btu/h of heat rejec-
tion for each ton of cooling capacity. For
more-efficient chillers, this sizing guide-
line generally results in an oversized
cooling tower. For less-efficient chillers,
a larger cooling tower may be required.
It should be noted that chillers with
lower COP values (lower efficiencies)
reject more heat per ton of cooling, and
thus require proportionately larger cool-
ing towers. Table 3-4 presents heat-rejec-

Heat- Relative Cooling
Efficiency Rejection Rate Tower Size
Chiller Type {k¥//ion) COP (Btu/ h/ton) (CT ton/Chiller)
(ton)

Electric Chillers
centrifugal 0.60 5.86 14,000 0.93
centrifugal 0.71 4.95 14,400 0.96
centrifugal 0.88 4.00 15,000 1.00
screw 0.68 517 14,300 0.95
reciprocating 0.82 4.29 14,800 0.99
Gas Engine-
Driven Chiilers
centrifugal 1.95 1.80 16,000 1.07
screw 213 1.65 16,400 1.09
reciprocating 2.51 1.40 17,100 1.14
Absorpiion Chillers
DF, 2-effect 3.52 1.00 22,200 1.48
IF, 1-effect 5.02 0.70 26,600 177

Notes:

1. For engine-driven systems, 680% of the input energy is assumed to be rejected by the cooling tower.
2. For absorption systems, 85% of the input energy is assumed 10 be rejected by the cooling tower.

Source: AGCC (1995a) and EPRI (1993¢)



tion data and relative cooling tower size
for several types of electric and gas
chillers.

When a cooling tower is used, the con-
denser water is sprayed or dripped from
the top of the tower. A fill material may
be used to increase the evaporation rate.
Air moves past the fill material and a
portion of the water is evaporated. The
evaporation of the water provides latent
cooling. In addition, some sensible cool-
ing by the moving air also occurs,
depending on ambient conditions.
Evaporated water is continually
replaced. The water must be treated to
prevent corrosion, fouling, and microbi-
ological growth.

Cooling towers usually use mechanical
draft (fan) designs. Mechanical draft
cooling towers with single fans are avail-
able as single units up to about 800 tons.
Larger-capacity cooling towers are built
using smaller, individual cooling towers,
each with an individual fan.

Mechanical-draft designs may be
forced draft, where air is pushed
through the fill material, or induced
draft, where air is pulled through the fill
material. Forced-draft designs generally
use axial or centrifugal fans located
below the fill. Forced-draft designs are
commonly used for cooling towers with
capacities of 100 to 400 tons. Induced
draft designs use propeller fans located
above the fill. Induced-draft designs are
commonly used on cooling towers with
capacities of 400 to 800 tons. The pre-
ferred design configuration is chosen
after considering capacity, space limita-
tions, ambient conditions, load pattern,
and cost.

One alternative to open-loop cooling
towers for heat rejection is a closed-loop
fluid cooler. In a closed-loop fluid cooler,
the condenser water {or other fluid) cir-
culates through a closed loop and passes
through coils in the fluid cooler. Water is
sprayed from the top of the fluid cooler
onto the coils and evaporates, removing
heat from the condenser water. A cen-
trifugal fan is used to blow air from the
bottom of the fluid cooler past the cool-

ing coils. Water sprayed on the coils pro-
vides latent cooling, and air blown past
the coils provides some sensible cooling.
Depending on cooling load require-
ments, the fluid cooler can be operated
without the water spray. Glycol solu-
tions may be used in the condenser loop
instead of water. Even though the con-
denser-water loop is closed, treatment
must be provided to prevent corrosion
and fouling.

3.4 THERMAL ENERGY STORAGE
SYSTEMS
Gas and electric chilled-water systems
are typically sized and controlled to
operate on demand to building cooling
loads. Operation in this manner general-
ly results in the majority of operations
during daytime hours. In the case of
electric chillers, daytime operation coin-
cides with peak electric energy rates, and
may also produce high electric demand
charges as chillers respond to high cool-
ing demands (e.g., cooling on hot sum-
mer days).

Thermal Energy Storage (TES) systems
can be implemented with conventional
electric chilled-water systems to help
reduce energy costs (EPRI, 1990b). TES
systems shift energy consumption to off-
peak periods, and thus help minimize
peak energy use and energy demands. A
typical TES system is diagrammed in
Figure 3-13. It consists of an electric
chiller and a thermal mass, in this case a
tank of water. The chiller is used to cool
the thermal mass during off-peak peri-
ods {e.g., at night). Depending on
design, daytime cooling loads can be
met using the thermal mass only (full
storage), or a combination of the chiller
and the thermal mass (partial storage).

Three types of TES systems are in com-
mon use: water, ice, and eutectic salts.
Each is discussed below.

3.4.7 WATERTE

Water TES systems utilize one or more
tanks of chilled water as the thermal
storage mass. The water is chilled to
temperatures of 40—46°F, and is used to
produce supply air as cool as 55°F.
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40-42°F

S

_\ Water pumped to meet cooling load

60°F

A Water pumped to charge storage

Figure 3-13. Typical Thermal Energy Storage System

Source: EPRI (1990b)

Water is able to provide approximately
one ton-hour of cooling per 11.4 ft* of
storage. Water TES systems can achieve
system efficiencies of 0.7-0.9 kW/ton,
which is competitive with many conven-
tional electric chilled-water systems.
Over 150 water TES systems were in
operation at the end of 1990 (EPR],
1992¢).

3.4.2 ICETES

Ice TES systems use an ice-water mix-
ture for the thermal mass. Ice TES sys-
tems produce an ice slurry in the range
of 32-35°F, which can be used to pro-
duce supply air in the range of 43-47°F.

Due to the latent heat of fusion, ice TES
systems have relatively high storage
capacities compared to water systems.
An ice TES system can provide approxi-
mately one ton-hour of cooling per 1.5 ft*
of storage, which is an order of magni-
tude higher than water TES systems.
Due to the higher capacity, ice TES sys-
tems can have smaller duct work, small-
er fans, and fewer air-handling units
compared to water TES designs. Ice TES
systems typically have system efficien-
cies of 0.9-1.2 kW /ton (EPRI 1989). Over
1000 ice TES systems were in operation
at the end of 1990 (EPRI 1992d).

3.4.3 EUTECTIC SALT TES

Like ice TES systems, eutectic salt TES
systems provide cooling by taking
advantage of the latent heat of fusion.
However, unlike ice, eutectic salts freeze
at temperatures above 32°F (e.g., 41°F or
47°F). The eutectic salts are usually con-
tained in individual plastic containers
packed in concrete storage tanks. The
tanks are filled with chilled water. When
building cooling is required, chilled
water is circulated through the tanks to
the air-handling units. When the storage
is charged, water from the chiller is cir-
culated through the tanks to cool the
containers.

Eutectic salt TES systems provide
approximately one ton of cooling per 2.5
ft® of storage. TES systems based on 47°F
eutectic salts can produce supply air as
cold as 55°F, and those using 41°F salts
can produce supply air in the range of
49-51°F. Over 80 eutectic salt TES sys-
tems were in operation at the end of
1990 (EPRI 1992¢).



Figure 4-1 shows the capacities com-
monly available for gas and electric
chillers in the range of 100 to 2000 tons.
It should be noted that for electric- and
engine-driven chillers, equipment above
2000 tons is available, often as custom-
engineered products.

B conitugal

Capacity (tons)
|

Electric
Chillers

In the United States electric chillers are
manufactured by five companies:
Carrier, McQuay, Trane, York, and
Dunham-Bush. Each has standard prod-
uct lines in centrifugal, screw, reciprocat-
ing and/or scroll chillers covering a
range of sizes. In addition, custom
chillers are offered for applications with
capacity requirements above approxi-
mately 3000 tons. Table 4-1 presents data
for electric chiller products currently
available from U.S. manufacturers.

Screw 5] Reciprocating Absorption
W
Gas Absorption Chillers
Engine-Driven (direct-fired,
Chillers double-effect)

Figure 4-1. Chiller Capacities

Source: E-Source (1995), and Manufacturers’ Literature
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Direct- and indirect-fired absorption trifugal, screw, or reciprocating com-
chillers are manufactured by American  pressors as standard products in a range

Yazaki, Carrier, McQuay, Trane, and of sizes. In addition, custom-engineered
York. Table 4-2 presents data for double-  gas engine-driven chillers are offered by
effect, direct-fired absorption chiller several vendors to meet the require-
products currently manufactured by ments of high-capacity applications. Gas
U.S. companies. engine-driven chillers are offered by
Depending on the vendor, gas-engine- ~ YOIk, GASAIR, Alturdyne, Hercules
driven chillers are available with cen- Energy Products, Sierra Power, and

Capacity Compressor Efficiency Model Refrigerant
Ufe. {ions) Type (kW/ton) Designation Opiions
Carrier 200-600 Centrifugal 0.60-0.68 19XL HFC-134a
300-580 Centrifugal 0.55-0.59 19XT HFC-134a
500-1000 Centrifugal 0.60-0.64 19EF HFC-134a
800-2300 Centrifugal 0.58-0.63 19EX HFC-134a
800-2300 Centrifugal 0.54-0.59 17EX HFC-134a
160-350 Screw 0.61-0.66 238XL HCFC-22
15-250 Reciprocating 0.70-0.75 30HR HCFC-22
Dunham-Bush 50-1000 Screw 0.67-0.74 WCFX HCFC-22
2-130 Reciprocating 0.87-0.97 WCDR HCFC-22
McQuay 170-550 Centrifugal 0.60-0.75 PF4 HFC-134a
170-1200 Centrifugal 0.58-0.79 PE4 HFC-134a
110-250 Screw 0.76-0.77 155A HCFC-22, HFC-134a
20-240 Reciprocating 0.85-0.93 WHR HCFC-22, HFC-134a
Trane 165-1350 Centrifugal 0.49-0.81 CVHE HCFC-123
190-1400 Centrifugal 0.49-0.68 CVHF HCFC-123
130-450 Screw 0.70-0.75 RTHA HCFC-22
York 250-800 Centrifugal 0.550.69 YT HCFC-123
600-1600 Centrifugal 0.58-0.68 YK HCFC-22, HFC-134a
125-675 Screw 0.67-0.69 YS HCFC-22
3-240 Reciprocating 0.85-0.90 YCW HCFC-22

Note: Efficiency measured at full load
Source: E-Source (1995) and Manufacturers’ Literature
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Tecogen. These companies generally engine-driven chiller products currently
purchase compressors and gas engines offered by U.S. manufacturers.

from various manufacturers and assem-  Additional vendor information is pre-
ble them into gas engine-driven chiller sented in Appendix B.

packages. Table 4-3 presents data for gas

Capacity Chiller Efficiency Model Refrigerant
Manufacturer (tons) Type {COP} Designation Pair
American Yazaki 30-100 Double-Effect 0.95-1.00 CH-L Water & Lithium
Bromide
Carrier 135-1000 Double-Effect 0.97 16 DF Water & Lithium
Bromide
McQuay 100-1500 Double-Effect 1.00 DC-11U Water & Lithium
Bromide
Trane 100-1100 Double-Effect 0.97-1.04 ABDL Water & Lithium
Bromide
York 170-1000 Double-Effect 0.92-1.00 ParaFlow Water & Lithium
Bromide

Source: AGCC (1995) and Manufacturers’ Literature

Capacity Compressor Efficiency Modei Refrigerant
Manufacturer {fons) Type (COP) Designation Cpiions
Alturdyne 30-300 Reciprocating 1.32-1.52 WW HCFC-22, HFC-134a, ammonia
200-1040 Screw 1.32-1.52 Ww HCFC-22, HFC-134a, ammonia
GASAIR 75-470 Reciprocating 1.44 RXL HCFC-22, HFC-134a, ammonia
100-2000 Screw 1.64 SXL HCFC-22, HFC-134a, ammonia
500-2000 Centrifugal 1.83 CXL HCFC-22, HFC-134a
Hercules 42-150 Reciprocating R —_— HCFC-22
Sierra Power 50-300 Reciprocating 1.0-2.0  — HCFC-22, HFC-134a, ammonia
50-4000 Screw 1.0-2.0 — HCFC-22, HFC-134a, ammonia
Tecogen 125-780 Screw 1.2-16 CH HCFC-22, HFC-134a
York 400-2100 Centrifugal 1.8-2.4 CodePak HFC-134a

Source: AGCC (1995) and Manufacturers Literature
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Choosing the right chiller for a commer-
cial building can involve many aspects.
Table 5-1 summarizes several key selec-
tion factors for both electric and gas

chilled-water systems.

5.1 BUILDING TYPE

Although the chiller capacity is generally
fixed by building size and load profile,
specific requirements of each building
type may make certain chiller types
more suitable than others. Table 5-2 lists
a number of common building types.

Category Selection Factor Electric Chillers Gas Chillers
Absorption,
Engine-Driven,  Direci-Fired,
Cenirifugal Screw Screw Double-Effect
Building Type Can meet the cooling Yes Yes Yes Yes
loads of most buildings
Performance Efficiency High High Moderate Low
Refrigerant CFC and HCFC phase- Yes Yes Yes No
out may affect operation
Physicall Size Average Average Large Large
Characteristics ) . ,
Weight Average Average Avg.-High Avg.-High
Noise Average Average Avg.-High Low
Appearance Good Good Good Good
Cost Equipment (chiller) Average Average High High
Installation Average Average Average Average
Maintenance Low Low High Low
Energy Average Average Low Low
Air Quality NOy, CO, and unburned Notanissue  Not an issue May require May require
hydrocarbon emissions at point of use  at point of use 3-way catalyst  low-NOy burner
Ancillary ltems Cooling tower size Average Average Average Large
Water usage Average Average Average High

37



38

able 5-2.

Clinics
Education Facilities
Food Service
Hospitals
Hotels
Motels
Office Buildings
Research Facilities
Retail Stores
Shopping Centers
Supermarkets
Universities

Worship Facilities

_ Common Building Types _

Source: EPRI (1993d)

The specific requirements of each
building influence the type of chilled-
water system best suited for the applica-
tion. Several design considerations for
selected buildings are given in Table 5-3.
As indicated, hospitals generally require
space conditioning 24 hours a day and a
high degree of reliability, as well as a
backup system. Office buildings have
high occupant densities during the day
but have little use at night and on week-
ends. They also often require simultane-
ous heating and cooling to separate
zones. Retail stores generally require
low installed cost and the ability to meet
highly varying loads (due to varying
customer traffic). Educational facilities
require a great deal of flexibility to serve
zones (e.g., offices, gyms, and cafeterias)
that have different space-conditioning
requirements. They also require little or
no cooling during summer months
when classes are not in session.

Office Hospital Education Retaii
24-hour operation .
High reliability . .
Backup . =
Simultaneous heating . .
& cooling
Highly varying loads . .
Zone flexibility . .
Seasonal occupancy .
Low cost . . .

Source: EPRI (1993d)



Rating Use

<

Full-Load Performance
Part-Load Performance
System Performance

Efficiency Standards

5.2 PERFORMANCE

Chiller performance can be expressed in
several ways and is commonly used to
calculate and compare operating costs
for various types of chillers. Table 5-4
lists key chiller performance ratings.
Electric chiller efficiency is generally
expressed as

Efficiency
{kWiton)

KW of power input

tons of cooling output

Efficiency expressed in units of
kW /ton is a measure of the electric
power input required to produce one ton
of cooling. Lower values indicate higher
efficiencies.

Electric chiller efficiency can also be
expressed as a Coefficient of
Performance (COP), which is the ratio of
the cooling output (expressed in Btu/h)
to the power input (expressed in Btu/h).
Higher COP values represent higher effi-
ciencies. COP is related to efficiency by
the following formula:

3.516
E

COP =

£ = efficlency maasured in units of KiWon

Calculating Chiller Operating Cost at Full Load
Calculating Chiller Operating Cost at Part Load
Calculating System Operating Cost at Full or Part Load

Sets Performance Requirements

COP is used as the efficiency measure
for gas chillers. It should be noted that
the efficiency of a gas chiller should be
based on the higher heating value
(HHV) and not the lower heating value
(LHV) of the fuel. Gas chiller COP is cal-
culated using the following formula:

12,000
Q

cop =

O = natural gas input measured in units
of Blufh/ton

5.2.1 FULL LOAD PERFORMANCE

Chiller performance data is provided by
manufacturers at full load conditions.
For electric chillers, this data is expressed
in terms of efficiency measured in

kW /ton, and for gas chillers this data is
expressed as efficiency measured in
terms of COP. Chillers are rated accord-
ing to ARI Standard 550, which specifies
common rating conditions at full load.
Measurements are conducted at a
chilled-water exit temperature of 44°F, a
condenser-water inlet temperature of
85°F, and an outdoor wet bulb tempera-
ture of 78°F.

Table 5-5 compares typical full-load
efficiencies and COP values for electric
and gas chillers.
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Full-Load Full-Load
Efficiency (kW/ion) COP
Electric Centrifugal Chillers (std. eff.) 0.65-0.80 54-44
Electric Centrifugal Chillers (high eff.) 0.49-0.85 7.2-54
Gas Engine-Driven Screw Chillers — 1.8-1.2
Direct-Fired, Double-Effect, Absorption _— 1.1-09

Source: AGCC (1995a) and EPRI (1993c)

Full-load efficiencies or COP values
can be used to calculate annual energy
consumption (electricity and natural gas)
and operating costs if the load profile is
known or can be estimated. The load
profile shows how many hours the
chiller operates at specific increments of
load, usually increments of 10% of full
load.

One method converts the load profile
to equivalent full-load hours (EFLH).
The EFLH are used in conjunction with
the full-load efficiency or full-load COP
to estimate annual energy consumption.
An analysis based on EFLH can be used
when only full-load efficiency data are

available, or in cases where the chiller
efficiency remains constant regardless of
load. Table 5-6 shows a typical load pro-
file converted to EFLH.

5.2.2 PART-LOAD PERFORMANCE
Electric Chiflers

Electric chiller performance changes
with load. Figure 5-1 shows this depen-
dence for several chiller types. As indi-
cated, electric chiller efficiencies tend to
be highest (low kW/ton values) above
approximately 30% of full load.

Part-load performance may be

expressed as the integrated part load
value (IPLV) evaluated at ARI standard

227 Electric Centrifugal - 500 ton Electric Screw - 200 ton
’ (High Eff) (Stdl EF)
189 Electric Centrifugal - 500 fon Electric Screw - 200 ton
el N (Std £) (High &)
s R
= 144 . Electric Centrifugal - 200 ton Electric Recip- 160 ton
= s (Std Eff) (Std Eff)
> 12 :
R
g 14
E
0.8 4
0.6 1
04l

Figure 5-1. Representative Part-Load Efficiencies for Electric Chillers

Source: Manufacturers’ Data



(1) (2) (3) (4
Load % of Operating Hours Operating Hours EFLH
(% of Full Load) at Load at Load
100 2 46 46
90 3 69 62
80 5 115 92
70 15 345 242
60 30 690 414
50 20 460 230
40 15 345 138
30 5 115 34
20 3 69 14
10 2 46 5
TOTALS 100% 2300 1277

) = Chiller Load (in 10% increments)

) = Load Profile (in % of time at each load condition)
) = 2300 Operating Hours x (2)

)

(
{
(3) =
4 =Mx@®

|
2
3
4
Source: AGCC (1995a) and EPRI (1993c)

conditions. The ARI conditions are 44°F
chilled-water exit temperature, 85°F con-
denser-water inlet temperature (full
load), 60°F condenser water inlet temper-
ature (no load ), and 78°F outdoor wet
bulb temperature. The following formula
is used to calculate IPLV (ARI 1992a):

It should be noted that the weighting

EFLH = Equivalent Full-Load Hours
2300 Operating Hours Assumed

factors are used to provide a basis of
comparison, and do not reflect actual
operating conditions. Manufacturers
generally provide IPLV data, as well as
full-load data, for their chiller products.
IPLVs for large centrifugal and screw
chillers are typically 85-91% of full-load
efficiencies (EPRI 1993c).

PLV (kW/ton)

017 0.39 0.33 0.11

A

B c D

Where: A = partdoad sfficiency at 100% load
B = partload efficiency at 75% load

C = part-load efficiency at 50% load

D = partdoad efficiency at 25% load
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Figure 5-2. Representative Part-Load Efficiencies for Gas Engine Chillers
Source: Manufacturer’s Data

Cooling Condenser
Accessories Tower Fan Water Pump Tolal

Chilier Type (kW/ion) (kW/ton) (kW/ton) {kW/ton)
Electric Chillers
Centrifugal (Standard Effic.) 0.00 0.02-0.10 0.04-0.06 0.08-0.16
Centrifuga! (High Effic.) 0.00 0.02-0.10 0.04-0.06 0.06-0.16
Gas Engine-Driven Chillers
Screw 0.02-0.04 0.02-0.12 0.05-0.07 0.09-0.23
Abscrption Chillers
Direct Fired, Double-Effect 0.02-0.07 0.03-0.15 0.06-0.09 0.11-0.31

Note: Table does not include chilled water pumps. Their energy requirements are similar for all systems, on the order of 0.04 kW/ton.
Source: AGCC (1994), AGCC (1995a), EPRI (1993c), and E-Source (1995)
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Gas Chillers

The performance of absorption chillers
and gas engine-driven chillers changes
with load similar to that of electric
chillers. The part-load performance of a
gas engine-driven chiller reflects
changes in both the engine and compres-
sor performance with changing load.
Although performance of the compres-
sor improves with decreasing load, per-
formance of the engine declines with
decreasing load. Even though the load
on the engine is less, the engine con-
sumes more fuel per horsepower at
lower loads than at higher loads. Figure
5-2 shows performance curves for two
gas engine chillers and one absorption
chiller.

An analog to IPLV (based on COP) can
also be calculated for gas engine-driven
and absorption chillers, using the follow-
ing formula (ARI 1992a):

IPLV = 017A + 0398+ 0.33C +0.11D

where: < A=COPat 100% load
B=COP at 76% [oad
C=C0ParB0% load
D=00P &t 25% Joad

5.2.3 SYSTEM PERFORMANCE

Chiller efficiency or COP values can only
be used to estimate the energy consump-
tion of the chiller itself. To obtain an
accurate measure of the total system
operating costs, the energy consumption
of ancillary equipment must also be con-
sidered. Ancillary components for com-
plete chilled water systems include

¢ Chilled-water pump

¢ Condenser-water pump

¢ Cooling tower fans

* Solution pump (absorption only)

* Engine cooling equipment and controls
(engine systems only)

The chilled-water pump is the same
size for gas and electric chillers of the
same capacity and, therefore, consumes
the same amount of energy (typical val-
ues are near 0.04 kW /ton). A compari-
son of the remaining ancillary loads for
gas and electric systems is shown in
Table 5-7 (note that the accessories col-
umn COvers energy-consuming equip-
ment unique to gas-fired chilled-water
systems).

Table 5-8 shows the effect on chilled-
water system efficiency when ancillary
equipment requirements are included
(the chilled-water pump is not included
in this analysis). Total average electrical
requirements are used for the ancillary
loads. This table shows that, as expected,
system efficiency is lower than chiller
efficiency when ancillary requirements
are included.

5.2.4 EFFICIENCY STANDARDS

ASHRAE standards are a voluntary set
of guidelines created by the American
Society of Heating, Refrigerating, and
Air-Conditioning Engineers. The stan-
dards are guidelines, not regulations,
and only become regulations when
adopted by a governing body. For
chillers, the federal government recently
adopted the ASHRAE guidelines for
minimum efficiency as part of the U.S.
Energy Policy Act of 1992 (EPAct).

The EPAct requires each state to estab-
lish a commercial building standard that
meets or exceeds ASHRAE Standard
90.1 (see Table 5-9 for electric chiller
ASHRAE standards). Therefore, the
ASHRAE standards are now the mini-
mum efficiency requirements for
chillers. Whenever the ASHRAE stan-
dards are updated, the EPAct requires
that the new standard must automatical-
ly be met.

Implementation of the federal EPAct
requirements is made at the state level,
through the state’s building or energy
codes. For water chillers, ASHRAE
Standard 90.1 may be adopted in its
entirety or a modified, more stringent
version, may be used. For instance, state
codes may give specific efficiency

43



44

Ancillary

Chitier [11 Loads [2] System [3]
Chiller Type (kWfton) (COP) (kW/ton) (kW/ton) (COP)
Electric
Centrifugal (Standard Eff.) 0.68 517 0.13 0.81 4.34
Centrifugal (High Eff.) 0.57 6.17 0.13 0.70 5.02
Gas Engine-Driven
Screw —_— 1.70 0.15 2.22 1.58
Gas Absorption
Direct-Fired, Double-Effect e 1.10 0.22 3.42 1.03

[1] Chiller values include gas and electricity consumption
[2] Ancillary loads are all electric
[3] Chilled-water systems include chiller plus ancillary loads

Source: EPRI (1995g)

requirements for water chillers based on  chiller system. However, where equip-
compressor type, chiller capacity, or con-  ment efficiency levels are specified in the
denser cooling method. state building code, documentation must

Efficiency requirements are enforced show approved data to satisfy these
by state building inspectors or energy requirements. The necessary information
auditors at the time of construction or can be furnished by the equipment sup-

installation. State building codes recog- plier, or provided by a nationally recog-
nize that chiller performance is not mea- ~ 1ized certification program, such as the
sured or calculated for each individual program offered by Air-Conditioning

Size Maximum Fuli- Maximum Minimum Fuii-

(tons) Load Efficiency IPLY Lozd Efficiency Minimum
(kWiion) (kW/ton) (COP) (COP) iPLY
<150 0.93 0.90 3.9 39

150 to 300 0.83 0.78 45 45
>300 0.68 0.66 52 5.3
Notes:

1. ASHRAE/IES Standard 90.1i-1993.
2. Applies to water-cooled electric chillers.
3. Efficiency measured according to ARI-550-86.



and Refrigeration Institute (ARI). The
intention of the certification program is
to help ensure that industry products
perform as rated. On a semiannual basis,
ARI publishes the “Directory of Certified
Applied Air-Conditioning Products,”
which includes efficiency ratings for
water chillers and other HVAC compo-
nents (WSEO 1992, ARI 1995).

5.3 REFRIGERANT

Environmental regulations have led to
production bans and phase-out sched-
ules for CFC and HCFC refrigerants.
Fortunately, a number of alternative
refrigerants are now available, and
chiller manufacturers have responded
by developing new chiller designs for
use with the new refrigerants.

5.3.1 REGULATORY ISSUES

Chlorinated-fluorocarbons (CFCs) and
hydrochlorinated-fluorocarbons
(HCFCs), which are widely used as
refrigerants in electric chillers, have been
found to promote chemical reactions
that deplete ozone in the earth’s upper
atmosphere. In addition, they may con-
tribute to global warming by trapping
radiated and reflected heat. In response
to these concerns, the international com-
munity established a protocol address-

 Table 5-10. Refrigeras

ing the phaseout of CFCs and HCFCs.
The initial agreement, known as the
Montreal Protocol, and subsequent
amendments have established a phase-
out schedule. Table 5-10 shows how the
United States is conforming to the inter-
national phaseout for CFC and HCFC
refrigerants commonly used in chillers.

5.3.2 REPLACEMENTS

In view of the phaseout schedules
imposed by these protocols, manufactur-
ers of refrigerants have developed
replacements suitable for use in most
chiller applications. A number of
HCFCs, HECs (hydrofluorocarbons),
and blends have been developed to
immediately replace CFCs and eventual-
ly HCFCs. Notably, HCFC-123 has been
developed as a substitute for CFC-11,
and HFC-134a has been developed as a
substitute for CFC-12. The replacements
generally have lower Ozone Depletion
Potential (ODP) and lower Global
Warming Potential (GWP) values.

5.3.3 EFFECT ON CHILLER
SELECTION

Three selection strategies that consider

refrigerant type are replacement, retrofit,

and use of reclaimed refrigerants.

Refrigerant Year Restrictions
CFC-11 1996 Ban on production
CFC-12 1996 Ban on production
HCFC-22 2010 Production freeze and ban on use in new equipment
2020 Ban on production
HCFC-123 2015 Production freeze
2020 Ban on use in new equipment
2030 Ban on production
HFC-134a — No restrictions

Source: EPRI (1995¢)
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New Purchases and Replacements

Electric chillers purchased for new
installations or for replacement of older
equipment will most likely use HCFC or
HFC refrigerants. These new refrigerants
are in full-scale production, and chiller
manufacturers have designed chillers
optimized for use with these alternative
refrigerants. Production bans for HCFC-
22 and HCFC-123 do not take effect until
2020 and 2030, respectively, which is
past the expected service life of most
chillers. Therefore, the eventual produc-
tion phaseout of HCFCs should not be
an overriding factor in selecting a new or
replacement electric chiller today.

If a chiller that uses a CFC refrigerant
is more than 20 years old, consideration
should be given to replacing it with a
new chiller that uses an alternative
refrigerant. This choice is often cost-
effective because significant improve-
ments in chiller efficiency have been
made over the past 20 years, and sub-
stantial energy savings may be possible.

Retrofits

It may be cost-effective to retrofit a chiller
that is less than 20 years old to accept a
new and non-CFC refrigerant. This may
require replacement of compressor seals,
lubricating oil, and refrigerant flow and
pressure control devices. The chiller ser-
vice company or chiller manufacturer
should be consulted to determine if a
retrofit is practical and what components
must be changed. It should be noted that
retrofitting may result in a loss in chiller
capacity (up to 10%) and a possibly a loss
in chiller efficiency (up to 10%).

Low-pressure centrifugal chillers origi-
nally designed to use CFC-11 can be
retrofit to use HCFC-123. This usually
requires replacement of seals, O-rings,
and gaskets. Motors must be rewound or
replaced on hermetic or semihermetic
designs, as HCFC-123 is not compatible
with conventional motor winding insu-
lation. In addition, a modified compres-
sor impeller may be needed to minimize
losses in efficiency and performance.

Medium-pressure centrifugal chillers
originally designed to use CFC-12 can be
retrofit to use HFC-134a. The retrofit

usually requires replacement of the com-
pressor lubricating oil with an ester-
based oil, and installation of a different
gear set to minimize losses in capacity
and efficiency.

High-pressure centrifugal chillers,
screw chillers, and reciprocating chillers
that use HCFC-22 cannot be retrofit, as
no satisfactory alternative refrigerant is
presently available (EPRI 1993f).

Use of Reclaimed CFCs

In many cases, existing chillers with
CFCs continue to operate reliably and
economically although they have been in
service for more than 20 years. Even
though CFC production has been
phased out, these chillers can still be
operated. Supplies of CFCs will continue
to be available in the near term as older
compressors are retired and their CFC
refrigerants are reclaimed. Reclaimed
refrigerants are reprocessed to meet new
product specifications as set forth in ARI
Standard 700. With proper maintenance
and improvements in leak detection and
repair methods, these chillers can pro-
vide additional years of service before
retrofit or replacement is required.

5.3.4 COST AND AVAILABILITY

Even with the absence of CFC produc-
tion, a supply of reclaimed CFC refriger-
ants will continue to be available.
However, the price of CFCs is expected
to continue to rise due to decreases in
the overall supply and the imposition of
a federal excise tax on these refrigerants.
The tax is based on the ODP of the CFC.
For CFC-11 and CFC-12 with ODP val-
ues of 1.0, the excise tax will be $5.80/1b
in 1996 and is expected to increase there-
after. It has been predicted that after
1995, the cost of recycled CFCs, includ-
ing the federal excise tax, will be higher
than the cost of the alternative refriger-
ants.

A number of manufacturers are now
producing alternative refrigerants. Table
5-11 presents a list of refrigerant manu-
facturers that produce HFC-134a (CFC-
12 alternative) and HCFC-123 (CFC-11
alternative). Initially, the alternative
refrigerants were in scarce supply and



—— Refrigerant

Manufacturer Trade Name HFC-134a HCFC-123
Allied-Signal Genetron = n
DuPont Suva n .

EIf Atochem Forane .

ICl Americas KLEA .

LaRoche —_— =

Source: EPRI (1995f) and EUN (1995)

much more expensive than CFC refriger-

ants. However, as production has
increased, the price of the alternative
refrigerants has come into line with
CFCs, which are heavily taxed on initial
purchase and subsequent storage (EPRI
1995e).

5.4 PHYSICAL CHARACTERISTICS

Physical characteristics must be consid-
ered when selecting a chiller both for
new installations and retrofit applica-
tions. The physical characteristics of the
chiller, (i.e., size, weight, noise, and
appearance) are important factors that
may limit the suitability of particular
chiller types at specific sites. In addition,
installation costs are highly dependent
on the physical characteristics of the
chiller.

Size

Equipment room space is usually limit-
ed. In a retrofit situation, the equipment
room has already been constructed and
changes to its size may be difficult or
impossible to make. In addition, doors
and corridors leading to the equipment
room may be limiting factors.

Electric chillers are generally smaller
than engine-driven and absorption
machines, and are thus generally easjer
to site in tight mechanical rooms. In
addition, electric chillers can often be
partially disassembled for installation

purposes, and then reassembled in the
equipment room. This type of disassem-
bly is often not possible with gas absorp-
tion machines. However, if an
absorption chiller also provides heating,
the boiler may not be required, thus
reducing the space requirements.

Table 5-12 compares the floor space
and height requirements of several
chillers. Footprint and weight compar-
isons are illustrated in Figures 5-3 and 5-
4, respectively.

Weight

The chiller weight can influence the pur-
chase decision. If the chiller is mounted
on an upper floor, it may affect the struc-
tural needs and subsequent cost of the
building. In a retrofit situation, the
building may not be structurally sound
to accept a heavier chiller. The weight
may also affect installation costs, since
handling and rigging for heavier equip-
ment is more costly.

Noise

Chiller noise is the result of both air-
borne noise and vibration. High-
frequency airborne noise can be attenu-
ated relatively easily by a low-mass
equipment room wall. Low-frequency
noise and vibration are less easily
attenuated, generally requiring high
mass walls, foundations, or isolation
equipment.
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' Table 5-12. Comparison of Chiller Size and Weight

Dimensions ——————
Width  Footprint  Height Weight

Size Chiller Length

(tons) Type (ft) (ft) (f¥) (ft) (ib)

250 Electric, Screw 94 45 42 6.7 11,230
Electric, Centrifugal 147 6.4 94 7.8 20,500
Gas Engine, Screw 155 55 85 8.2 20,000
Gas Engine, Centrifugal — — — — —
Absorption, D-F, D-E 17.8 5.3 94 7.3 19,400

500 Electric, Screw 9.8 50 49 6.7 14,700
Electric, Centrifugal 16.1 7.6 122 8.5 29,540
Gas Engine, Screw 16.8 9.1 153 9.7 27,390
Gas Engine, Centrifugal 16.0 16.7 267 7.8 46,860
Absorption, D-F, D-E 18.6 8.9 166 9.1 44,030

1000 Electric, Screw — — — — —
Electric, Centrifugal 154 10.8 166 11.1 41,540
Gas Engine, Screw 23.3 9.6 224 10.0 53,350
Gas Engine, Centrifugal 18.1 16.9 308 9.2 54,620
Absorption, D-F, D-E 26.6 12.7 338 1.2 106,280

Note: Values are averaged from two or more manufacturers, and therfore do not apply to a specific model.

Source: Manufacturers’ Literature

Both absorption chillers and electric
centrifugal chillers have relatively low
vibration noise. Electric reciprocating
and engine-driven chillers can have both
airborne and vibration noise. Exterior
noise can also be a problem if it is dis-
cernible inside the building or if it dis-
rupts occupants of nearby buildings. In
these instances it may be necessary to
employ noise-reduction kits or erect
sound barriers.

Appearance

Appearance of the interior or exterior of
the building may influence where a
chiller is located and may also affect the

purchase decision of the chiller plant. If
outside appearance is important, the
chiller might be located inside, leading
to the space, weight, and noise concerns.
Conversely, if interior space appearance
is important the chiller may need to be
located outside.

5.5 COST

All chillers, whether gas or electric, have
costs associated with their purchase,
installation, operation, and maintenance.
In addition, the life-cycle cost and
expected payback period should be ana-
lyzed as part of the chiller selection
process.
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Figure 5-4. Weight Comparison

5.5.1 CHILLER EQUIPMENT COST

For new construction, approximately
half of the total installed cost of an elec-

tric chiller is due to the cost of the chiller.

Quotations from vendors of electric
chillers generally include the chiller with
electric motor, starter, controls, evapora-
tor, and condenser. For chillers with
water-cooled condensers and those with
integral air-cooled condensers, the cost
of the chiller includes the condenser. For
chillers with remotely located air-cooled
condensers, the cost of the chiller does
not normally include the condenser.

Gas engine-driven chiller equipment
costs generally include the chiller, gas
engine, controls, evaporator, and con-
denser. These costs also include the igni-
tion system, starter, muffler, and engine
coolant system. The gas engine-driven
chiller cost includes the cost of the con-
denser if equipped with a water-cooled
condenser or integral air-cooled con-
denser. Absorption chiller equipment
costs generally include the chiller, with
absorber, generator, condenser, evapora-
tor, solution pumps, motor starters, and
controls.
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Figure 5-5 presents chiller cost data for
electric and gas chillers in capacities of
200, 500, and 1000 tons. The data were
obtained from a limited survey of chiller
manufacturers.

5.5.2 INSTALLED COST

Installed costs include the cost of the
chiller plus the ancillary equipment
needed for the chilled-water and con-
denser-water loops. This ancillary equip-
ment includes the chilled-water pump,
the condenser-water pump, and cooling
tower. Costs for the condenser water
piping and installation are typically
included. The installed cost for the
chilled-water system generally does not
include the costs for the piping and
installation of the chilled-water loop.
Costs associated with the chilled water
loop are dependent on building size,
chilled-water piping configuration, air
distribution system configuration, and
air temperature control strategy.
Installation costs for electric chillers also
include upgrades, if needed, to the elec-
tric service panel.

Gas chillers have many of the same
installation requirements as electric
chillers. Installed costs of gas chillers
include the equipment and installation
costs for the chiller, condenser pump,
piping, and cooling tower. In addition,

gas chillers require installation of an ade-
quately sized natural gas line. Adequate
ventilation is required to provide com-
bustion air and to eliminate heat radiat-
ed from the engine or absorption chiller.
In addition, combustion and exhaust
gases must be properly vented. Installed
costs of gas engine-driven chillers
should include enclosures, mufflers, and
emissions catalysts, if required.

Figure 5-6 presents installed costs for
several types of electric and gas chillers
in capacities of 200, 500, and 1000 tons.

5.5.3 OPERATING COST

The primary component of chiller oper-
ating costs are the costs of electricity,
natural gas, and water. For electric
chillers, operating costs include the cost
of cooling tower makeup water and the
cost of electricity for the electric motor,
condenser cooling-water pump, chiller
water pump, and controls. Operating
costs of gas chillers include the cost of
cooling tower makeup water, the cost of
natural gas for the gas engine or burner
system, and the cost of electricity for
pumps, fans, and controls.

Table 5-13 summarizes the information
required to calculate the operating costs
of electric and gas chillers. Electricity,
and natural gas usage depend on the
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Figure 5-5. Chiller Costs
Source: Manufacturers” Data
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120

100

80

60

40

Cost (8/ton/year)

200

500 1000

Chiller Size (tons)

Figure 5-7. Maintenance Costs
Source: EPRI (1993c) and Manufacturers’ Data

chiller type, the chiller efficiency at full
and part load, the demand profile, and
the energy requirements of the ancillary
components.

Different types of water-cooled chillers
have different water consumption rates
that are related to the cooling tower
water losses through evaporation and
blowdown. For a given cooling capacity,
absorption chillers and gas engine-dri-
ven chillers have higher water consump-
tion rates due to their larger cooling
tower requirements. Table 5-14 presents

water consumption rates for gas and
electric chillers (estimated from manu-
facturers’ data).

5.5.4 MAINTENANCE COST

Figure 5-7 presents typical maintenance
costs for electric and gas chillers. Total
maintenance costs of gas engine-driven
chillers which include engine overhaul
or replacement are approximately three
times higher than those of an equivalent
capacity electric chiller. Maintenance
costs for absorption chillers are compa-
rable to electric chillers.
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’ Table 5-13. Operating Cost Calculation Components -

Gas Absortion

Gas Engine- Direct-Fired,

Electric Driven Double-Effect
Chiller Size (tons) . .
Efficiency (kW/ton or COP) . .
Usage (hours at specific load) " .
Ancillary Electricity (kW/ton) - "
Water Consumption (gal/h/ton) . .
Maintenance ($/ton/yr) . .
Electric Energy Rate ($/kWh) = .
Electric Demand Charge ($/kW) . .
Gas Rate ($/therm) . .

Electric chiller maintenance costs are
due primarily to maintenance of the
compressor and not the electric motor.
Therefore, gas engine-driven chiller
maintenance costs can be calculated by
adding the maintenance costs of the gas
engine to the maintenance costs of an
equivalent electric chiller.

5.5.5 ENERGY AND WATER COSTS

To accurately calculate operating costs,
it is important to understand how elec-
tricity, natural gas, and water usage are
metered and how utility rates are struc-
tured.

Electricity

Electricity consumption is metered on
both an energy and a demand basis.
Energy usage is a reflection of the size of
the electric motor and the number of
hours of operation. Energy usage is
metered in kWh/month, and energy
rates are expressed in $/kWh. Demand
is a reflection of the size of the electric
motor, and is metered in kW /month.
The rate structures for both energy and
demand charges may change, depend-
ing on the season of the year or the time
of use during the day. Additional com-
ponents of the electricity rate structure
may include minimum charges, cus-
tomer charges, taxes, surcharges, and
energy cost adjustments.

Energy and demand rate structures are
dependent on the utility and vary signif-
icantly. For comparison, energy charges
may range from $0.03/kWh to
$0.12/kWh, while demand charges may
range from $3.00/kW to $12.00/kW.

Natural Gas

Natural-gas consumption is metered on
a volumetric basis, typically in cubic
feet/month. A constant heating value,
usually near 1000 Btu/scf (HHV), is
assumed. Natural-gas rates are

Table 5-14. Wafer‘Cohsumpt“i’ohif

Water
Chiller Consumption
Type (gal/h/ton)
Electric (centrifugal) 3.0[1]
Engine-Driven (screw) 3.3[2]
Absorption (direct-fired, 46 [3]

double-effect)

[1] Based on a flowrate of 3.0 galfminfton and a
consumption (loss) of 1.7%
[2] Based on a flowrate of 3.3 gal/minfton and a
consumption (loss) of 1.7%

[3] Based on a flowrate of 4.6 gal/minfton and a
consumption (loss) of 1.7%



expressed in terms of $/therm, $/mil-
lion Btu ($/MMBtu), or $/thousand
cubic feet ($/Mcf). Natural-gas rate
structures may change, depending on
the season of the year. In addition, natur-
al gas rate structures may be based on
total monthly usage, with the cost in
$/therm decreasing as consumption
increases. Additional components of nat-
ural-gas rate structures may include
minimum charges, customers charges,
taxes, and surcharges. Natural-gas rates
typically range from $0.30/therm to
$0.60/ therm.

It should be emphasized that the utili-
ty’s natural-gas rates are based on the
Higher Heating Value (HHV) and not
the Lower Heating Value (LHV) of the
gas. Manufacturers often rate fuel con-
sumption of gas chillers in terms of the
LHV. However, for accurate compar-
isons, calculations should be based on
HHYV. An approximate conversion
between HHV and LHYV is shown below:

HHV consumption rate (Btuh) =

LHV consumption rate (Btu/h)
08

The formula is accurate if the HHV is
1000 Btu/scf and the LHYV is 900 Btu/scf.

Water

Water usage is metered on a volumetric
basis in terms of gallons or cubic feet.
Water rates are based on $/gallon or

$/ cubic foot. Typical water rates for
commercial customers are $4.00/1000
gallons.

5.5.6 PAYBACK AND LIFE-CYCLE
COSTS

The installation, fuel, and O&M costs
discussed in the preceding sections can
be combined to form various cost com-
parison factors. Two common economic
comparison measures are payback and
life-cycle cost. Each method is briefly
described in this section, followed by an
illustration of the calculation approach

based on four alternative chillers for a
hypothetical installation.

For calculation purposes, the required
chiller capacity is assumed to be 500
tons, and the four alternatives examined
are

¢ Electric Centrifugal Chiller, Standard
Efficiency

¢ Electric Centrifugal Chiller, High
Efficiency

* Gas Engine Chiller with Screw
Compressor

* Gas Absorption Chiller, Double-Effect,
Direct-Fired

Assumptions for equipment perfor-
mance specifications and energy, main-
tenance, and installation costs are
shown in Table 5-15. The cost data in
Table 5-15 has been estimated using the
graphical information presented earlier
in this section.

It is important to note that the econom-
ic calculations based on the data in Table
5-15 use average energy rates and equiv-
alent full-load hours (does not account
for part-load efficiency). Both assump-
tions simplify the calculations and allow
for quick estimates of payback and life-
cycle cost. These quick estimates can be
useful for making rough economic via-
bility decisions. However, these esti-
mates should not be used to make chiller
selection decisions. A final chiller selec-
tion should be based on a more rigorous
modeling approach that incorporates
actual energy rate schedules and part-
load chiller performance (see Section 7
for more rigorous approach).

Payback

One variation of the payback approach
is the simple payback analysis. Simple
payback is an estimate of the time
required to recover the additional capital
expense of a chiller alternative. In a sim-
ple payback calculation, one or more
chiller alternatives is compared to a
base-case system. The incremental
installed cost of the chiller alternatives is
divided by the annual savings for these
various alternatives, which yields a pay-
back number in units of time (generally
months or years).
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Table 5-15. Simplified Cost Calculation Model—Assumptions'

Electric Electric Absorption
Centrifugal Centrifugal  Gas (direct-fired,
(std eff)  (high eff) Engine double-effect)

Equipment Specifications  (tons) 500 500 500 500
and Operation
(COP) — — 1.70 1.10
(kWi/ton) 0.68 0.57 — —
(EFLH/yr) 830 830 830 830
Auxiliary Energy (kW/ton) 0.13 0.13 0.15 0.22
Water ($/1000 gal) 4.00 4.00 4.00 4.00
(gph/ton) 3.0 3.0 33 46
Maintenance ($/ton-yr) 20 20 68 20
Electric Rate ($/kWh) 0.15 0.15 0.15 0.15
Gas Rate ($/therm) 0.40 0.40 0.40 0.40
Installed Cost ($/ton) 520 560 828 867
Figure 5-8 shows the incremental costs Payback values are plotted in Figure 5-

and expected annual savings for the four 9. As indicated, the high-efficiency elec-
hypothetical chiller systems (based on tric chiller has a payback of approxi-
information in Table 5-15). The varia- mately 3 years, and the absorption pay-
tions in cost and savings are calculated back is approximately 11 years. The
relative to a standard-efficiency electric =~ engine-driven system has an annual
centrifugal chiller, which is assumed to ~ maintenance cost nearly equal to the

be the base case.

B ncremental Cost Annual Savings

200,000 —
& 150000 -
S
£ -
5
Eg 100,000 -
S -
3
O 50,000 -

) Base Case
Electric Centrifugal Electric Centrifugal Gas Enging Absorption (direct-fired,
(std efficiency) (high efficiency) Double effect)
System

Figure 5-8. Comparison of Costs and Savings
Notes: Based on average energy rates and EFLH. See Table 5-15 for assumptions.



12 -
— 10 -
2
b
g s-
3
€& 6 -
=
Q. 4 -

2 —

Base Case
0 -
Electric Centrifugal Electric Centrifugal Gas Engine Absorption (direct-fired,
(std efficiency) (high efficiency) Double effect)
System

Figure 5-9. Payback Analysis
Notes: Based on average energy rates and EFLH. See Table 5-15 for assumptions.

125,000 _ W crergy B Maintenance Dwnership
100,000 —
§ 75000
S
B 50000 _
S
25,000 _
0
Electric Centrifugal Electric Centrifugal Gas Engine Absorption (direct-fired,
(std efficiency) (high efficiency) Double effect)
System

Figure 5-10. Life-Cycle Cost
Notes: Based on average energy rates and EFLH. See Table 5-15 for assumptions.

expected annual savings, and therefore As indicated in Figure 5-10, the life-
the payback is relatively high (33 years). ~ cycle costs vary from approximately
$91,000/ year (high-efficiency electric) to
$109,000/ year (gas engine). The trend in
life-cycle costs is consistent with the pay-
back analysis. That is, the high-efficiency
electric centrifugal system has the lowest
payback and life-cycle cost, followed by
the absorption system, and finally the
engine-driven chiller.

Life-Cycle

A life-cycle cost analysis takes into
account the equipment life and the cost
of money over time, and provides a
measure of expected annual costs,
including depreciation, over the life of
the equipment. An illustration of life-
cycle cost calculations is shown in Figure
5-10 (based on data in Table 5-15).
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Optimization is the process of minimiz-
ing the cost and energy consumption of
the chilled-water system while maintain-
ing the required cooling output. The
chilled-water system refers to all compo-
nents of the condenser-water loop
(including cooling tower and condenser
pump), the chilled-water loop (including
the chilled water pump), and the chiller.
Figure 6-1 shows the primary energy
consuming components, which include
the chiller, the cooling tower, the con-
denser pump, and the chilled-water
pump. Both the cooling tower and
chiller are made up of a variety of com-
ponents, each of which can affect the
energy use. Achieving the proper bal-
ance among all these components is a
complex task.

The previous chapter described many
of the factors involved in selecting a
chiller. One or more of these factors may
dominate the decision process. However,
for a given building there are hundreds
of options for developing a chilled water
system to meet the required demand.
This chapter does not attempt to identify
an optimum design for a given situation,
rather it identifies key options to consid-
er when designing chilled-water systems.
In addition, selected case studies are
included to illustrate actual chiller
installations.

{1
3

)
[}
(8]
3

8.1 OPTIMIZETION STRATEGIES
Selecting a chiller to provide cooling for a
given building based on peak demand
and other selection factors can be
straightforward. However, designing the
entire chilled-water system for optimum
performance requires additional analysis.

Water chiller systems include numer-
ous components that must interact to
produce the desired air cooling. These
components include the condenser,
evaporator, cooling coil, cooling tower,
water pumps, piping, valves, and heat
exchangers. Optimizing the performance
of each component may not result in the
optimum system design. For example,
by increasing the chilled-water flow rate,
the efficiency of the chiller can be
improved. However, the increased water
flow requires increased pumping power,
which may offset the chiller efficiency
gain.

Figure 6-1 indicates a number of opti-
mization considerations related to the
overall chilled-water system as well as
individual components. These consider-
ations can be grouped as follows

¢ Overall System Analysis and Control
¢ Chiller Plant
¢ Individual Components

Each optimization strategy listed in
Figure 6-1 is summarized in the follow-
ing sections.
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~_ Chiller {3,4,3,8)

Warm Alr
. Cooling Tower Air Handler (11) — -7
{8,10)
Condenser — ——————-- Evaporator
(19)
Condenser-Water Loop (&) Pumpr 7) w / Pumpi (7,8) Chilled-Water Loop {3}

P/
1

Refrigerant Loop —— /| |

Overall System Analysis and Contro!
1. Computer Modeling—Helpful with the design of the entire chilled-water system.

2. Controls—Automated controls are desirable for optimum operation.

Chitier

3. Multiple Chillers—Multiple chillers with proper staging result in higher efficiency.

4. Chiller Sizing—Oversized chillers result in higher first and operating costs.

5. Heat-Recovery Chillers—These systems provide simultaneous heating and cooling.
Individual Components

6. Thermal Liit—Decreased thermal lift (either by increasing the chilled water temperature
and/or decreasing the condenser water temperature) helps improve efficiency.

7. Pumps and Piping—High-efficiency pumps and large diameter piping can improve overall
performance.

8. Cooling Tower Design—Large-capacity, close-approach towers reduce the condenser
water temperature, resulting in higher efficiency.

9. Adjustable Speed Drives—ASDs enable the compressor and pumps to run at lower
speed, thus improving part-load performance.

10. Evaporative Condensers—Evaporative condensers can be a cost-effective replacement
for cooling towers.

11. Air Distribution Systerm—YVariable air volume designs conserve energy.

Figure 6-1. Selected Chilled-Water Systems Optimization Strategies




6.1.1 COMPUTER MODELING

An effective first step to optimize a
chilled-water system is to utilize a com-
puter modeling program. These pro-
grams can model building load and
system performance on an hour-by-hour
basis and account for climate, building
construction, energy costs, building load
factors, and HVAC system types.

The HVAC industry has access to a
variety of computer building energy and
systems analysis programs. Computer
modeling programs can be grouped into
two categories

* Hourly simulation models
* Modified hourly simulation models

The hourly simulation programs are
the most accurate as they compute the
energy use and cost for each hour of the
year (8760 hours). They utilize detailed
building descriptions, energy-use pat-
terns, equipment data, and weather
information to calculate the hourly
building loads and system energy-use.
Detailed utility rate schedules are
included to provide hourly, daily, week-
ly, monthly, and annual cost informa-
tion. Typical Mean Year (TMY) weather
files are used by most major modeling
programs.

With hourly simulation programs, it is
also possible to use actual site weather
data to attempt to match a building’s
energy usage with actual utility billing
information. Energy monitoring of sys-
tems, appliances, and other factors can
be conducted to help calibrate the
model. Once a model is fully calibrated,
various scenarios can be quickly and
easily modeled. However, this type of
analysis can be time consuming and
costly.

The modified hourly simulation pro-
grams use selected daily energy-use pro-
files to represent the entire year. One
common method is the 48-day format (4
days per month, 12 months per year).
The four days represent typical, hot,
cold, and nonwork (weekend) days for
each month. From this information the
energy use can be estimated for a month,
and then the entire year. These models

are generally less accurate than the
hourly models, but may be adequate for
an initial screening of options.

The software packages originate from
government organizations, universitites,
private software vendors, consulting
firms, and HVAC equipment manufac-
turers. Selected software programs are
listed in Table 6-1.

Hourly Simulation Models

e ADM-2 (ADM)

® BLAST (DOD)

* DOE-2 (DCE)

* ENERCALC (Texas A&M)
* HAP (Carrier)

® micro-AXCESS (EPRI)

Modified Hourly Simulation [odels

* ASEAM (ACEL)
* COMTECH (EPRYI)
* Market Manager (SRC)
e System Analyzer (Trane)
* Trace (Trane)

The DOE-2 program was developed by
the U.S. Department of Energy and has
been widely used in the industry for
many years. DOE-2 uses an hourly simu-
lation model to estimate the performance
and operating cost for buildings and
their systems. DOE-2 allows for very
detailed building and chilled-water sys-
tem descriptions to enable modeling of
nearly every possible chiller configura-
tion.

PowerDOE, a new building energy
simulation program, is currently being
developed by EPRI and DOE. Power-
DOE is based on DOE-2, but has a
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graphical user interface and runs under
Microsoft® Windows™. The new inter-
face will make DOE-2 easier to use while
maintaining its computational power.

COMTECH™ is an example of a modi-
fied hourly simulation model. COM-
TECH results for several chillers are
presented in Section 7 of this Handbook.

6.1.2 ADVANCED CONTROLS

Controls are an integral part of system
operation, and can result in significant
energy savings for the chilled-water sys-
tem. Chiller Automation Packages
(CAPs) are available from chiller manu-
facturers or from independent manufac-
turers specializing in these systems.
Microprocessor-based CAPs automate
the operation of chillers, pumps, and
fans to optimize the system efficiency. In
addition, these systems can monitor
equipment and signal when mainte-
nance is required. Many of these systems
are equipped with telemetry packages to
communicate information to remote-
control or service facilities.

6.1.3 MULTIPLE CHILLERS

A single chiller can generally be pur-
chased to supply all of the cooling load
for most commercial buildings.
However, depending on the application,
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more than one chiller may be the opti-
mum solution. The following multi-
chiller strategies can be used

* Two equally sized chillers
¢ Multiple unequally sized chillers

* Combination of electric and gas
chillers

Two equally sized chillers may meet
the backup requirements for a facility.
A building that requires 500 tons of
peak cooling may be fitted with two
250-ton chillers. At low loads, one
chiller can remain off and the other will
likely be operating at near peak efficien-
cy. For example, if this same building
commonly operates with a 200-ton cool-
ing load, one chiller can be shut down
and the other will be operating at 80%
capacity, which for electric centrifugal
chillers is near maximum efficiency. At
this same load with a single 500-ton
chiller, the performance begins to drop
significantly.

Although equally sized chillers may
provide better backup capability, it may
be more beneficial to size the chillers
unequally. For example, in the previous
illustration, the 500-ton building load
can be met with a 400-ton and a 100-ton
chiller. Unequally sized chillers also
allow for staging strategies to enhance

iy Wl e
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200 — »
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Figure 6-2. Multiple Chiller Strategy Example



performance. For example, a building
may have low nighttime requirements
and build to its peak load in the after-
noon, as illustrated in Figure 6-2. In this
hypothetical example, the 100-ton chiller
would be used until the building
exceeds its capacity at 7:00 a.m. Then the
400-ton chiller can be started (now at
40% load) and the 100-ton unit shut off,
thus eliminating the lowest-performance
operating range of the larger chiller. The
100-ton chiller would then remain off
until the 400-ton capacity is exceeded (at
3:00 p.m.), at which time both chillers
would be in operation. In this example,
the two chillers operated together only
two hours per day. The 100-ton chiller
operated 11 of the 24 hours, averaging
better than 50% load, and the 400-ton
chiller operated the remainder of the
time, also at greater than 50% load.

Another optimization strategy in utili-
ty service territories with high electric
demand charges and low natural-gas
rates, is to utilize both an electric and a
gas chiller (referred to as a hybrid sys-
tem). In this scenario, the electric chiller
would supply most of the base load,
while the gas chiller would be called
upon to provide additional cooling dur-
ing peak periods. With this operating
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strategy, demand charges may be signifi-
cantly reduced.

8.1.4 CHILLER SIZING

Proper sizing of a chiller can have a sig-
nificant impact on cost. Oversizing car-
ries a significant first cost. For example,
if a 200 -ton chiller costs $600/ton
(installed cost) and is oversized by 20
tons, the result is $12,000 of unneeded
expenses.

Oversizing can also cause the chiller to
run less efficiently. For example, assume
a building requires a 500-ton chiller that
typically runs between 250 and 350 tons
(50% and 70% load). However, if a 700-
ton chiller were installed, it would be
operating at between 35% and 50% load,
which would result in lower efficiencies
and higher operating costs. Figure 6-3
illustrates the operating ranges of these
two chillers.

One common cause of oversizing
occurs when a chiller is replaced without
first checking for changes in building
load. Building loads can decrease over
time (e.g., as a result of more -efficient
lighting), and replacing a chiller with
one of the same capacity can lead to an
oversized system.

| Operating Range of Oversized Chiller (700 tons)
~ Operating Range of Properly Sized Chiller (500 ton)

¥ H | | | |
50 60 70 80 90 100

ioad (%)

Figure 6-3. Performance Range of Two Chillers (700 ton and 500 ton) Operating in the Range of

250-350 tons

61



62

6.1.5 HEAT-RECOVERY CHILLERS

For applications that require simultane-
ous heating and cooling, a heat-recovery
chiller may provide optimum efficiency.
The heat-recovery chiller is basically a
standard electric chiller with a second
condenser. A schematic of the heat
recovery chiller is shown in Figure 6-4.
When both heating and cooling are con-
sidered, a heat-recovery chiller delivers
energy at 20% to 40% of the cost of a
conventional boiler and chiller, depend-
ing on the energy rates and system effi-
ciencies (EPRI 1993a). The cost for the
heat-recovery chiller is up to 20% higher
than the cost of a similar high-efficiency
electric chiller, but in good applications,
the increased cost can be recovered in a
few years.

Prime building candidates for heat-
recovery chillers have the following
characteristics

* Low to moderate heating load with
coincident cooling load

* High hours of operation and high
internal heat gain

* Central HVAC system with a water-
cooled chiller

* High domestic hot-water needs

[ )

6.1.6 CHILLER THERMAL LIFT

Chiller thermal lift is defined as the dif-
ference between a chiller’s evaporator
temperature and condenser temperature
(EPRI 1995a). Chiller energy consump-
tion is generally proportional to chiller
thermal lift. Increasing chilled-water
temperature, as well as decreasing con-
denser-water temperature, increases
chiller efficiency. The condenser water
temperature is a function of cooling
tower design (see Section 6.1.8). An
increase in the chilled-water temperature
may require an increase in the building
air supply rate. Therefore, even though
reducing chiller lift improves the effi-
ciency, increased fan and pumping
power may offset these improvements.

6.1.7 PUMPS AND PIPING

Pumps are used for circulating chilled
water and condenser water. The amount
of energy consumed by these pumps is a
function of pump efficiency and piping
design. Most losses in a pump are due to
hydraulic friction, which depends on the
geometry of the pump and smoothness
of pipe surfaces over which the fluid
passes. The inlet and outlet piping of the
pump are very important to pump per-

o Tower Condenser Cooling Load
- a j B | —_—
|
< ‘ L
Water I ‘
Refrigerant Evaporator ‘ O N

Figure 6-4. Heat-Recovery Chiller



formance. Smooth inlet flow conditions
must be met in order to achieve the rated
pump performance.

The pipe diameter can have a signifi-
cant impact on the required pumping
energy. Pumping energy is a function of
pressure drop, and the pressure drop
varies with the square of the velocity,
and is inversely proportional to the pipe
diameter raised to the fifth power. For
illustration, if the pipe diameter is dou-
bled, frictional losses in straight pipe
runs are reduced by about 97% (1/3; of
the pressure drop in pipe half the diame-
ter). Therefore, the opposite is also true;
reducing the diameter of the pipe in half,
increases pressure losses by a factor of
32. In addition to pressure losses in
straight pipe, other components such as
valves, fittings, and elbows cause addi-
tional losses, which may be substantial.

6.1.6 COOLING TOWER DESIGN
The cooling tower is a very important
aspect of chiller performance. The
chilled-water system rejects heat to the
cooling tower. Increasing cooling tower
surface area and reducing fan horsepow-
er can substantially reduce chiller oper-
ating costs. Using larger cooling towers
and operating them to achieve the low-
est acceptable leaving-water tempera-
ture decreases the chiller condensing
temperature, thereby reducing the

chiller’s operating pressure and improv-
ing efficiency. For every degree the
tower leaving-water temperature is low-
ered, the chiller condenser temperature
usually drops 1°F, with a corresponding
performance improvement of 1-2%
(EPRI 1995b).

The range and approach are important
factors to consider for cooling tower
design (see Figure 6-5). The range refers
to the difference in temperature between
the water entering and leaving the cool-
ing tower. The approach refers to the dif-
ference between the temperature of the
water leaving the tower and the wet
bulb temperature of the entering air.
Closer approach means more-effective
heat rejection, thus a more-efficient
system.

Cooling towers are typically designed
using a 7°F approach and 10°F range at
78°F outdoor wet bulb temperature.
However, more aggressive design crite-
ria can offer increased operating savings.
Several of these criteria are summarized
below:

Large Capacity, Close Approach

The ASHRAE-recommended method for
designing cooling towers is to design for
a 5°F approach rather than typical
design assumption of 7°F approach. By
reducing the approach, the size of the
cooling tower is increased.

)
95°F Hot water entering tower
range —
85°F SIS G — Cold water leaving tower
approach
78°F B ; ~——— Wet-bulb air temperature
y
<

Figure 6-5. Cooling Tower Terminology

63



64

It is preferable to design the cooling
tower based on the actual heat rejection
rate of the chiller, rather than an
assumed value. The common assump-
tion of 15,000 Btu/h of cooling tower
capacity per ton of chiller capacity is
based on a chiller efficiency of 0.88
kW /ton. However, a chiller operating at
0.55 kW /ton rejects only 13,900
Btu/h/ton, and would thus require a
smaller cooling tower (EPRI 1995b).
Larger Box
The best way to improve tower capacity
is to select a model built with a larger
box (increased surface area), rather than
a smaller model with increased airflow
(requires larger fan motors).

Film Fiil

The film £ill is the material inside the
tower over which water flows. Its pur-
pose is to provide a large surface for
exposing water to the airstream, thereby
promoting evaporation. Closely spaced
sheets of plastic film are recommended.
Induced-Draft

Induced-draft cooling towers are usually
more efficient than forced-draft towers,
and have significantly lower fan power
requirements (0.04—0.07 hp/ton for
induced-draft compared with 0.10
hp/ton for forced-draft).

Careiui Siting

The tower should be located to prevent
recirculation of exhaust air from other
towers or heat-producing equipment.
Tower exhaust air should not be drawn
into fresh-air intakes.

A minor investment in larger, high-
efficiency towers can cut chiller energy
use by 7-12%. These energy savings,
combined with electricity demand sav-
ings, usually yield a simple payback of
less than two years (EPRI 1995b).

5.1.§ ADJUSTABLE SPEED DRIVES
Possible applications for adjustable
speed drives (ASDs) include pump
motors (condenser- and chilled-water
loops), cooling tower fan motors, and
compressor motors. As noted in Section
3.3.3, ASDs are rarely used on condenser
pumps. However, they are frequently a

good choice for chilled-water pumps
(see Section 3.3.1). For cooling tower
fans, ASDs generally do not provide an
economic advantage. For chiller com-
pressors, ASDs are a good practice if the
chiller runs at low load for significant
time periods.

6.1.10 EVAPORATIVE CONDENSERS
High-efficiency evaporative condensers
may be a cost-effective alternative to
cooling towers. Evaporative condensers
consist of a coil of metal tubes or pipes
inside an evaporation chamber. A fan
blows air across the coils as a recirculat-
ing water system continuously sprays
water over the coils, cooling the air and
the coil by evaporation. Evaporative con-
densers operate more efficiently than a
cooling tower with a water-cooled con-
denser because they do not have an
intermediary heat exchanger and a large
circulating pump. In addition, they are
more compact and therefore take up less
physical space (EPRI 1993b).

8.1.11 AIR-HANDLING SYSTEW

Air distribution systems are either con-
stant-air-volume (CAV) or variable-air-
volume (VAV) systems. CAV systems
deliver supply air at a constant rate, and
control the conditioned space tempera-
ture by varying the dry bulb tempera-
ture of the supply air. CAV systems tend
to have relatively high-energy consump-
tion rates as the supply air blowers are
constantly run at full load. In addition,
reheat or ajr mixing is required with
CAYV systems for humidity control, con-
suming additional energy.

By comparison, VAV systems tend to
consume less energy than CAV systems.
The dry bulb temperature of the supply
air is held constant, and temperature
and humidity are controlled by changing
the volume of air delivered to the condi-
tioned space. Ina VAV system, the air-
flow is varied by either changing the
blower motor speed and/or adjusting
the inlet guide vanes on the blower.
VAV systems work well for commercial
buildings, and offer the advantage of
additional energy savings compared to
CAV designs (EPRI 1993d).
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Each chiller installation is a unique case,
and optimization strategies are site spe-
cific. However, a few general optimiza-
tion strategies tend to apply to most
chilled-water systems installed in com-
mercial buildings.

* Select a high-efficiency chiller

* Minimize lift (oversize the cooling
tower)

* Use unequally sized chillers in multi-
ple chiller applications

* Use variable speed drives on chiller if
load fluctuates significantly

¢ Use VAV for air distribution
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The initial cost is higher for high-effi-
ciency chillers, but the incremental cost
is generally recovered within a few years
due to the energy savings. A few charac-
teristics of high-efficiency chillers
include (EPRI 1995a)

* More effective heat exchangers, which
allow closer approach and reduced
refrigerant-side pressure drop

* High-efficiency compressor motors

* Modulation to allow more efficient
operation at part Joad

* Multistage centrifugal compressors
with interstage economizers

¢ Improved controls for better load
matching and temperature control
sinimize U
Increasing the chilled-water (evaporator)
temperature and decreasing the con-
denser-water temperature increases
chiller efficiency. The primary way to
reduce the condenser-water temperature
is to improve the performance of the
cooling tower.

UL -Size Chilas
The use of multiple, unequally sized
chillers can significantly improve the
annual chilled-water system perfor-
mance. This strategy requires an
advanced control system to automatical-
ly operate the chillers in their highest
performance ranges (usually between 50

and 90% of full load).
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Variable, or adjustable speed drives
enable the compressor to run at lower
speed at part-load conditions, thus
improving part-load performance. This
strategy is especially beneficial when
only one centrifugal chiller supplies the
cooling for a building.
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VAV systems conserve energy com-
pared to CAV designs. With VAV
designs, the volume of air circulated is
controlled, thus minimizing blower
energy requirements.
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Several case studies, as reported by engi-
neering journals and news magazines,
are summarized in Appendix A. The
majority of the cases involve the installa-
tion of new electric chillers, two cover
the combination of both electric and gas
systems, and one covers the installation
of a new gas system to accompany an
older electric system. Two of the studies
cover chiller load-reduction strategies;
one through installation of a thermal
energy storage system and the other
through installation of variable speed
drives. Many additional chiller load-
reduction strategies are used, such as
lighting retrofits, advanced building
automation systems, or window treat-
ments. Overall, the studies encompass
the objectives and optimization strate-
gies from the view points of both the
end-user and the utilities.

For end-users, the objectives appeared
to be similar throughout the United
States, while the optimization strategies
appeared to be more regional. The latter
was due primarily to differing local utili-
ty rates, equipment rebates, state regula-
tions, and climatic conditions. Of the
case studies analyzed, several recurring
objectives included

* Compliance with the pending CFC
phaseout

¢ Maximum energy savings and mini-
mum project payback time

* Desire to be perceived as an environ-
mentally friendly organization
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» Provide backup cooling capacity
* Comply with state mandates

The optimization strategies tended to
be more varied and creative. For almost
every case study, one of the significant
drivers seemed to be the value of the
rebate offered by the local utility. The
nature of the rebates and the manner in
which users qualified for them varied
widely. In general, the utilities strongly
suggested the use of highly energy-effi-
cient chillers employing non-CFC’s.
Users generally had to demonstrate,
through engineering calculations, a spe-
cific overall system efficiency before
qualifying for a rebate.

From the standpoint of the utilities,
load shifting is a major issue. A variety
of rebate programs and other financial
incentives are offered to aid in the load-
leveling objective. Load shifting serves
to reduce the necessity for construction
of additional power production capabili-
ty. Rebate programs are designed to
encourage end-users to improve the
energy efficiencies of their buildings,
and to shift demand to off-peak hours.

Three of the fifteen case studies are
outlined in the following pages

» Office Building—Boston, MA
* Hotel—Rancho Mirage, CA
¢ Department Store—Tucson, AZ



Summary

By replacing two aging single-effect steam absorption
chillers with three non-ozone-depleting high-efficiency
electric HFC-134a centrifugal chillers, a Boston office
building is projected to save about $130,000/year in
energy costs. In addition, the new chiller plant is
decreasing emissions of CO, and NOy by an estimated
70%.

Background

In 1992 Rose Associates, Inc., operators of a 32-story
office building at 99 High Street in Boston, began investi-
gating options for replacing the building's two 1170-ton,
single-effect steam absorption chillers. The units were in
reasonably good operating condition, but, at 22 years of
age, were nearing the end of their expected lifespan.
Further, they provided no backup capacity, given the
building’s peak load of 1850 tons. Failure of one unit
could therefore subject building occupants to high tem-
peratures.

The Rose Associates study focused on three technolo-
gies: double-effect steam absorbers, double-effect gas-
fired absorbers, and electric chillers. Its goal was to
identify the most cost-effective system that could provide
backup cooling capacity. The study also considered the
following issues:

¢ The 18th floor chiller plant had little extra space

* The building had no gas service; steam was pur-
chased from a district heating company

* The existing electric service had no capacity for elec-
tric chillers

¢ The "free cooling” system’s heat exchangers were
inefficient, providing little benefit

Barriers Eliminated Double-=ffect Absorbers

A number of size constraints eliminated the double-effect

steam absorption chillers as a viable option. Such
chillers were unavailable in the required 1200-ton size,
and three 800-ton units would not fit in the mechanical
room. Further, these chillers could not be “knocked
down” to a size small enough to fit through the avail-
able structural opening, and, weighing 30% more than
the existing single-effect absorbers, posed a structural
loading problem.

Double-effect gas-fired absorbers were available in
the 1200-ton size. However, because the mechanical
room had space for only two units, this configuration
would provide no backup capacity. Other concerns
were the need to run a 12-inch gas line from the street
to the 18th floor and to install a 48-inch chimney from
the 18th to the 32nd floor.

High-Efficiency Electric Chillers Prove Best Opiion
The study identified the best option to be installation of
three high-efficiency centrifugal HFC-134a electric

chillers totaling 2500 tons. The chillers would offer annual
energy use savings over the original equipment, while
providing backup capacity. As an added benefit, Boston
Edison Company’s Energy Efficiency Partnership
Program provided nearly $269,000, which covered the
extra cost for high-efficiency models.

The energy cost savings stem largely from eliminating
chiller steam requirements. HVAC system computer
models showed that the electric chiller plant would
increase peak electric demand over that of the original
equipment from 530 kW to 1380 kW, increase annual
energy use from 805,000 kWh to 1.22 million kWh, and
decrease steam consumption by 27 million Ib. The
increases cost about $80,000/year, while eliminating
steam saves $210,000, yielding net savings of
$130,000/year. These savings help offset the impact of
the $400,000 electric service upgrade.

The chiller changeout also provided the building owner
an opportunity to upgrade other plant components,
which promised an additional $30,000 in annual energy
savings, according to computer models. The $282,000
cost for these upgrades—which included modifications
to the free cooling system and installation of variable-fre-
guency drives and high-efficiency motors on the con-
denser water and chilled-water distribution
systems—was covered by Boston Edison’s Energy
Efficiency Partnership Program.

New Plant =xceeds =Zxoeciations

The chiller plant changeout was completed in March
1994—on time and within the $2.3 million budget.
Construction went smoothly and the plant is “operating
beyond expectations,” according to Dick Cavanaugh,
property manager for Rose Associates. A review of 1994
utility bills shows that the new plant provided significant
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Figure 1. Chiller installation at 99 High Street.
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energy savings, with building steam use down 41% and
electricity use up only 8%. These savings came despite
higher-than-expected demand resulting from record-high
summer temperatures, about 35% higher building occu-
pancy, and a colder winter than the previous year.

Zleciric Chillers Benefit Znvironment

Built to run on HFC-134a, the new electric chillers do not
contribute to any depletion of the ozone layer. And the
chillers are yielding even greater environmental benefits.
Because of their higher efficiency, the electric chillers
generate an estimated 70% less CO, and NOy emissions
than the single-effect absorbers they replaced (see
Figures 2 and 3). These emissions estimates include
direct emissions—produced from burning natural gas
on-site (or nearby) to generate steam—and indirect
emissions—produced from burning a mix of ¢il and nat-
ural gas off-site at the electric power plant. As a further
environmental bonus, the chillers cut water use by 3 mil-
lion galions annually by decreasing steam use in the dis-
trict steam system, which lacks return lines for water
reuse.

Similar Resulls =xpecied in Cther Applications
Operating five to nine times more efficiently than absorp-
tion chillers, electric chillers offer cost, sizing, and envi-
ronmental benefits in many applications. Most
comparisons show that the absorption chiller's single
advantage over electric chillers—potential peak-period
operating cost savings—will not offset its disadvantages:
high installation costs, heat rejection, and auxiliary sys-
tem energy needs. Each comparison must examine a
number of issues, many of which consistently favor elec-
tric units:

e Electric and gas/steam rates vary widely. The com-
parative costs affect the benefits of chiller operation.
[n this project, electric rates are about $0.10/kWh in

the summer and $0.08/kWh in the winter (including
demand), and steam rates are approximately
$7.80/1000 Ib of steam.

¢ Auxiliary system energy cost. This component costs
about $96,000/year for the original absorption
chillers, about 90% more than for the new electric
chillers—a typical finding in comparisons of these
systems.

¢ Space and structural concerns. Space and structural
constraints may limit the use of absorbtion chillers in
many applications, as these units tend to be bigger,
heavier, and more difficult to disassembile than elec-
tric chillers.

* Heat rejection capacity and water needs. Because
absorbers reject about 65-110% more heat than
electric chillers, they require more make-up water
and larger cooling towers and condenser pumps.

* Emissions. Double-effect absorption chillers produce
about 50% less direct CO, emissions than the single-
effect units in this evaluation. Nevertheless, when
indirect emissions associated with absorption chilier
auxiliary equipment operation are included in the
analysis, absorption chiller systems have higher
emissions than electric chillers in almost every com-
parison of electric generation mix and electric chiller
selection.

Reference
This case study was originally published as an EPRI
Commercial Cooling Update Case Study (SU-105401).
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Figure 2. Figure 3.
Assumptions:

* Steam produced with natural gas at 55% efficiency (reference: steam supplier); 9% distribution loss.

» Electricity produced with 50% gas and 50% oil in 25% efficient combustion turbines (conservative; reference: Boston Edison);

10% distribution loss.
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Summary

In side-by-side field tests at a Ritz-Carlton Hotel,
Southern California Edison (SCE) is comparing the per-
formance of new and rebuilt centrifugal chillers that use
a CFC-free refrigerant. The first phase of testing demon-
strated the significant energy savings to be gained by
replacing a CFC-11 chiller with a new HCFC-123 unit:
cooling system demand dropped 24% and energy use
22%. The second round of performance tests, currently
in progress, is comparing the new chiller with an HCFC-
123 conversion.

“This project shows that the right environmental deci-
sion can also make sound business sense . . . and provide
a lot of additional operating benefits.”

Sam Horlacher, Director of Engineering,
The Ritz-Carlton Hotel, Rancho Mirage, California

i wo-Phase Comparison

The Ritz-Carlton Hotel in Rancho
Mirage, California, was operating two
CFC-11 chillers to meet its 24-hour,
year-round cooling load. The six-year-
old centrifugal units were rated at 250
tons each and operated at about 0.8
kW/fton at full load.

SCE selected the hotel as a good site
for field-testing new and rebuilt HCFC-
128 units. In the first phase of the pro-
ject, the utility replaced one of the
chillers with a new 250-ton centrifugal
unit using HCFC-123. SCE monitored
the plant for the first year following the
replacement, from June 1993 to July
1994. Energy savings were calculated
using chiller performance curves
derived from measured data for the
baseline CFC chiller and the new
HCFC-123 unit.

In the second phase of the project, the remaining CFC-
11 chiller was converted to HCFC-123 operation. The
full-scale reengineering, conducted by the chiller manu-
facturer, included remachining the compressor impeller
to optimize performance for the new refrigerant. The
new and rebuilt units were monitored from June through
October 1995.

meroved ZHiciency

The new chiller, which operates at about 0.6 kW/ton at
full load, reduced energy use by 22%, from 1,038,282
kWh/yr to 811,208 kWh/yr. Demand decreased 24%,
saving 32 KW during the peak month. Figure 1 com-
pares the performance of the new and baseline chillers.
Because the new chiller rejects less heat, it also
decreased energy use by the cooling tower fan, saving
3500 kWh/yr. Total energy savings came to $17,842/yr.

Preliminary test results for the rebuild, shown in Figure 2,
suggest that under most load conditions its efficiency
falls between that of the new chiller and the original
CFC-11 configuration. Note, however, that the graph
shows only a one-month profile under varying field con-
ditions, and thus no definitive comparison can yet be
made.

Addilona! Sysiem Benefiis

During extremely hot weather, the original chiller plant
had been unable to operate at the desired setpoints
because the hotel’s 485-ton cooling tower was slightly
undersized. The new chilter reduced the cooling tower
load about 12%, enabling the plant to better meet build-
ing loads. What's more, this load reduction led to annual
water savings of 374,000 gallons, worth $573.
Corresponding water treatment savings came to
$380/yr. Insofar as it outperforms the original CFC-11
configuration, the rebuilt chiller will offer similar benefits.
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The installed cost of the new chiller was $114,300.
Annual operating savings—through decreased demand,
energy use, and water use—total $18,800, yielding a
simple payback of 6.1 years. The $14,000 incremental
cost of purchasing this high-efficiency, non-CFC chiller
(compared to a standard chiller meeting ASHRAE
Standard 90.1i) was paid back in only 9 months.

Modlifying the existing chiller to operate on HCFC-123
cost $50,800—less than half the price of replacement.
Because all the major components were rebuilt or
replaced, the reegineered chiller is expected to achieve
nearly the same life as the new unit. Payback on the
rebuild will be calculated after monitoring is completed
in late 1995.

NOy = 373 Ibiyr
80y = 267 Iblyr
co, = 280,000 Iblyr
PMo = 11.5 Iblyr

Figure 3. Emission Reductions Due to New Chiller*
* From SCE report, Estimates of Marginal Emission Rates and Factors

1993-2003. Estimates assume 1.62 Ib/MWh NOy; 1.16 Io/MWh
SOyx; 1213 Ib/MWh COy; 0.05 Ib/MWh PMy,.
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Figure 2. Performance of New vs. Rebuilt Chiller

Reduced Emissions

Both the new and rebuilt chillers benefit the environ-
ment, as HCFC-123 has only 2% of the ozone depletion
potential of CFC-11. And the increased efficiency resuits
in air poliutant reductions proportional to the energy sav-
ings. Expected emissions reductions for the new untt,
based on SCE’s generation mix, are shown in Figure 3.

To Rebuild or Replace?

This project is providing important insights into whether
it is more cost-effective to run, rebuild, or replace a CFC
chiller. The final report, due in mid-19986, will compare
the original CFC-11 chiller and the new and rebuilt units
in terms of kW/ton profiles and total life-cycle costs.
Results will be reported in a future Commercial Cooling
Update.

Reference

This case study was originally published as an EPRI
Commercial Cooling Update Case Study (SU-105401).



Summary

By replacing two 300-ton centrifugal chillers with one
290-ton screw non-CFC chiller, the JCPenney Store at El
Con Mall in Tuscon is saving about 70,000 kWh—or
$3,750-$5,000 each month during the cooling season.
At a total installed cost of $94,000, the chiller will pay for
itself in less than two years. This upgrade is just one in a
series of chiller replacements completed or planned by
the JCPenney Company, Inc.

Corporate Chiller Replacemenis

As part of its environmental commitment, JCPenney is
implementing a very aggressive energy management
program in some 1,300 stores nationwide. Typical proj-
ects include lighting upgrades that cut lighting system
energy use almost in half while greatly reducing cooling
loads on the chillers. As appropriate, stores have also
added adjustable speed drives to pumps and air han-
dlers to modulate motor speed with cooling load; rebuilt
cooling towers to deliver colder condenser water to

the chiller; and upgraded building controls to reduce
energy use.

Another significant corporate project is to upgrade
chillers to increase efficiency, reduce energy costs, and
eliminate CFCs. Most stores today use two 150-300 ton
CFC-11 chillers that are more than 20 years old and
ready for replacement. Because lighting upgrades have
reduced chiller loads, sites are finding that only one new
chiller is needed. In the search for non-CFC replace-
ments, two sites installed gas-fired engine-driven
chillers. But higher-than-expected maintenance costs
forced the company to eliminate gas options from con-
sideration.

Corporate strategy now calls for replacing one chiller at
each store with a new HCFC-22 or HFC-134a unit. A
number of stores have already completed the upgrade
and are reporting simple payback of two years or less.
When all sites have installed a new chiller, the second
chiller will be upgraded to run on a non-CFC refrigerant
and be used for backup service as needed.

=i Con Mal Project
The experience of the JCPenney store at El Con Mall in
Tuscon is typical of findings from around the country. In

JCPenney store at El Con Mall.
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“The new chiller works great. The project started saving money right off the bat, reducing our bills at least $5,000 a

month during the cooling season.”

David Lempke, Regional Maintenance Manager, JCPenney Company

step with the corporate strategy, this site upgraded the
lighting system, saving about 70 kW. In addition, the
store replaced a 300-ton 0.95 kW/ton centrifugal CFC-11
chiller that had been installed in 1971 with a new 290-
ton 0.638 kW/ton screw chiller that uses HCFC-22. The
HCFC chiller itself cost $63,000, and installation and
engineering brought the total installed cost to $94,000.

Znsrg mTacis

Savings resulting from these upgrades have been
exceptional. The store has noted total energy savings of
about 100,000 kWh/month during the cooling season,
equal to $5,000-$7,000/month. Total savings in just the
first four months of chiller operation equaled $27,066.
The chiller is credited with about three-fourths of the
savings, allowing project payback in less than two
years. Other advantages of the new chiller include
reduced maintenance costs, less refrigerant leakage,
and lower refrigerant costs.
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Offering higher efficiency, the new chiller also reduces
emissions associated with electricity generation. Using
data from Tuscon Electric for coal-fired power plants,
the new chiller should allow the annual emission reduc-
tions shown in Figure 1.
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This case study was originally published as an EPRI
Commercial Cooling Update Case Study (SU-105401).

NOy, = 2,900 todyr
80, = 3,500 iblyr
co, = 1,211,500 ibfyr

Figure 1. Emission Reductions Due to New Chiller
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The previous chapters discussed issues » Standard-Efficiency Electric
involved in selecting and optimizing * High-Efficiency Electric

lcihlllers fgr comn}ermal bu11d.1ngs: One * Direct-Fired, Double-Effect Absorption
ey step in selecting and optimizing a

chiller is to perform an economic analy- ~ * Gas Engine-Driven

sis. This section provides an example of The four chiller types are examined in
a chiller screening analysis using the two size ranges: small (120-230 tons)
COMTECH™ screening tool. The analy-  and large (740-900 tons) *. The perfor-
sis compares four chiller types: mance of the small chillers was modeled

as a function of four building types and

Smeii Buildings

Office 99,225 180 230 230
Retail 100,000 130 170 170
Health 76,000 140 150 140
Education 99,900 120 210 200
large Suliicings

Office* 396,900 810 900 880
Health” 475,200 740 710 780
Education* 299,700 780 900 850

*The large building sizes for Los Angles are

Office 496,125
Health 554,400
Education 399,600

! For this report, “small” refers to chillers near 200 tons (120-230 tons actually analyzed) and buildings
around 100,000 ft* (76,000 - 100,000 ft* actually analyzed). “Large” refers to chillers near 800 tons (740-
900 tons actually analyzed) and buildings around 400,000 ft? (299,700-554,400 ft* actually analyzed).
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three cities. The large chiller perfor-
mance was examined as a function of
three building types and three cities (see
Table 7-1).

7.1 HODOLCGY

COMTECH is an interactive screening
tool for evaluating the cost impacts of a
variety of energy technologies in com-
mercial buildings. A few space condi-
tioning technologies include

¢ Electric Cooling Systems
* Heat-Recovery Cooling
¢ Gas Cooling

¢ Cogeneration

* Heat Pumps

COMTECH serves as a first-level
screening tool to develop and customize
information for specific applications.
COMTECH can be used to compare the
impact of different chillers in a variety of
situations.

The approach for this analysis can be
explained by looking at the input
requirements for COMTECH as illustrat-
ed in Figure 7-1. The input can be divid-
ed into four categories:

* Building Energy-Use Patterns

¢ Energy Rates

¢ System Performance Parameters
¢ System Costs

The building energy-use patterns must
be developed using a building load
modeling program. For the analysis in
this chapter, the COMTECH prototype
building library was utilized. The end-
use load shapes for the buildings in the
prototype library were previously gener-
ated using EPRI's micro-AXCESS pro-
gram (version 10.2). The micro-AXCESS
results are translated into a 48-day for-
mat (4 days per month, 12 months per
year). The four days represent typical,
hot, cold, and nonwork (weekend) days.
For each day, energy requirements for
six end-uses (cooling, heating, domestic
water heating, lighting, ventilation, and
miscellaneous) are recorded. These data
are then utilized by COMTECH to
model system energy use and cost.

COMTECH offers a flexible and com-
prehensive energy rate structure frame-
work. This allows the modeling of

¢ Time-of-use rates

¢ Fixed block rates

e Load-factor block rates

* Tiered rates with dynamic block range
¢ Seasonal rates

¢ Transmission charges

* Cogen discounts

* Ratchets

Figure 7-1. COMTECH Input Parameters



The chiller performance parameters
include efficiency, cost, and sizing. The
full-load efficiencies as well as the part-
load performance curves can be speci-
fied. Capital and maintenance cost as
well as the chiller size can be specified
by the user.

The COMTECH approach focuses on
chiller parameters and utility rate struc-
tures while utilizing predetermined
building load data.

7.2 PARAMETERS

The input parameters for this analysis
were developed from a variety of print-
ed sources and manufacturer contacts.
This section summarizes these parame-
ters and how they were derived, or from
which references they were obtained.
The goal was to model representative
chillers in each of the categories. No
attempt was made to optimize each
chilled-water system, as many optimiza-
tion parameters are situation-dependent.

Rate 8, General Service, Time of Day
Customer Charge (per monthj: 839.93

7.2.7 BUILDING ENERGY-USE
PATTERNS
As previously mentioned, the buildings
modeled in the present analysis were
chosen from an available COMTECH
default library. Table 7-1 summarizes the
building sizes and the selected chiller
sizes. These buildings represent a cross-
section of commercial building types,
each with unique load requirements.
Chillers were oversized by 10% and
rounded to the nearest 10 tons.

As Table 7-1 indicates, the required
chiller size range for the small buildings
is 120 to 230 tons. This size range is at
the lower end for electric centrifugal
chillers analyzed in this study. Gas
engine chillers with centrifugal compres-
sors are not widely available in this size
range. Therefore, this analysis is based
on engine-driven screw machines.

For the large buildings, the chillers
range from 740 to 900 tons. The retail

Energy Charge (per kWh) Summer Winter
On-Peak $0.05749 $0.05749
Off-Peak $0.02491 $0.02491
Demand Charge (per kW) $14.24 $11.13
Rate 8L, Large General Service, Time of Day

Customer Charge {(per monih): §246.29

Energy Charge (per &l/h) Summer Winter
On-Peak $0.05172 $0.05172
Off-Peak $0.02273 $0.02273
Demand Charge (per kW) $16.41 $12.85

Summer: June-September
Winter: October-May

Demand Peak: 9:00 a.m. to 8:00 p.m., M-F, except holidays
Energy Peak: 9:00 a.m. to 10:00 p.m., M-F, except holidays
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Rate 4, General Service
Customer Charge (per month): $11.50

Summer Yinter
Gas Supply Cost (per therm) $0.2277 $0.2841
Distribution Charge (per therm)
First 150 therms $0.1297 $0.1297
Next 4850 therms $0.0721 $0.0721
Over 5000 therms $0.0464 $0.0464
Total Energy Cost (per therm)
First 150 therms $0.3574 $0.4138
Next 4850 therms $0.2998 $0.3562
Over 5000 therms $0.2741 $0.3305
Rate 4, General Service with Rider 9
(Gas Engine-Driven and Gas Absorption Air Conditioning)
Customer Charge (per month): §11.50

Summer Winter
Gas Supply Cost (per therm) * $0.2277 $0.2841
Distribution Charge (per therm)
First 150 therms $0.1297 $0.1297
Next 4850 therms $0.0250 $0.0721
Over 5000 therms $0.0250 $0.0464
Total Energy Cosi (per therm)
First 150 therms $0.3574 $0.4138
Next 4850 therms $0.2527 $0.3562
Qver 5000 therms $0.2527 $0.3305

Rider 9 only applies to the gas cooling system energy use and therefore must be metered separately.

Summer: June-November
Winter: December—May

* Gas Supply Cost varies monthly. January 1995 and July 1995 costs used.



facility was not modeled in the large
building class because single retail build-
ings of this size are uncommeon, and are
usually cooled by multiple chillers. Note
that building sizes for Los Angeles were
selected to be slightly larger than for the

Rate TOU-GS, Time ¢f Use, General Service
Customer Charge: 872.05

other two cities in order to achieve the
desired cooling demand.

All buildings were assumed to be heat-
ed by a gas boiler. Hot water was
assumed to be supplied by a gas water
heater. These system specifications

Energy Charge (per kWh) Summer Winter
On-Peak $0.15383 $0.080520
Mid-Peak $0.06812 $0.00
Off-Peak $0.04388 $0.043880
Demand Charge (per kW)

All, Non-Time Related $6.30 $6.30
On-Peak $15.60 $0.00
Mid-Peak $2.35 $0.00
Off-Peak $0.00 $0.00
Rate TOU-8, Time of Use

Customer Charge: 5387.20

Energy Charge (per kWh) Summer Pinter
On-Peak $0.13784 —
Mid-Peak $0.06503 $0.07719
Off-Peak $0.04107 $0.04369
Demand Charge (zer k')

All, Non-Time Related $3.65 $3.65
On-Peak $15.80 —
Mid-Peak $2.50 $0.00
Off-Peak $0.00 $0.00

Demand Rachet: 50% of maximum yearly demand or actual, whichever is greater

Summer; June-September
Winter: October-May

On-Peak: Noon to 6:00 p.m., summer, weekdays, except holidays
Mid-Peak: 8:00 a.m. to Noon and 6:00 p.m. to 11:00 p.m., summer, weekdays, except holidays

Off-Peak: All other hours
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Znergy Charge {per therm; Summer Winter
First 100 therms $0.8139 —
First 250 therms — $0.8139
Over 100 therms $0.6087 —
Over 250 therms — $0.6087
RATE G-AC, Gas Coodling Rate

(Abscrption Chillers only)

Customer Charge {per monih): §150.00

Energy Charge (per therm) Summer Winter
Gas Cooling, all $0.37299 $0.37299

Summer: December-March
Winter: Apri-November

remained the same within a given build-
ing type. Other end-uses, such as venti-
lation and lighting, were also specified.
More details regarding these parameters
are contained in Appendix C (bound
separate from this report).

7.2.2 ENERGY RATES

The three locations chosen for conduct-
ing the analyses were Chicago, Los
Angeles, and Atlanta. Chicago represents
a climate with cold winters and hot,
humid summers. Los Angeles represents
a climate with hot summers and mild
winters, but low relative humidity.
Atlanta has a climate with mild winters
and hot, humid summers. A typical year
weather file was utilized by micro-
AXCESS to generate the building load
information for each city. Weather infor-
mation is also used by COMTECH to
modify equipment performance. The
electric and gas utilities in each city were
contacted for the current energy rates. All
rates were effective as of August 1995.

Chicago, iL

Electric service to the Chicago area is
supplied by Commonwealth Edison,
while the gas service is provided by
Northern Illinois Gas. Table 7-2 summa-
rizes the 1995 rates for Commonwealth
Edison. Rate 6 is effective for small
buildings, while Rate 6L is the rate for
large buildings. Both rate schedules have
seasonal variation with a peak period.

The Northern Illinois Gas rates are
shown in Table 7-3. Northern Illinois
Gas provides special rates for gas cool-
ing clients (Rider 9). This rider applies
to both gas absorption and engine-dri-
ven chillers. The special rate only
applies to the energy used by the gas
cooling system, so it must be separately
metered. The gas supply cost actually
varies by month and year. The value
chosen to represent winter is the rate
from January 1995, while the value cho-
sen to represent the summer months is
the rate from July 1995.



Rate PLI

Customer Charge: $16.75

Energy Charge (per K5 smmer Winier
First 200 hours of billing demand * $0.0868 $0.0868
200-400 hours of billing demand $0.0111 $0.0111
400-600 hours of billing demand $0.00836 $0.00836
Over 600 hours of billing demand $0.00732 $0.00732
Demanc Charge (ser £

All $8.00 $8.00
Rale PLL

Customer Charge: 878.75

Energy Charge (per x1/5) Summer Finter
First 200 hours of billing demand * $0.086 $0.086
200-400 hours of billing demand $0.01138 $0.01138
400-600 hours of billing demand $0.0.009 $0.0.009
Over 600 hours of billing demand $0.0065 $0.0065
Demand Charge {per Y}

All $8.00 $8.00

Summer: June~September
Winter: October-May

* Weighted average value for this block

Los Angeles, CA
Electricity in the Los Angeles area is sup-
plied by Southern California Edison,
while gas service is provided by
Southern California Gas. Table 7-4 sum-
marizes the electric rates for Southern
California Edison. The TOU-GS rate was
used for the small buildings, while the
TOU-8 was used for the large buildings.
The rate schedules have time-of-use
rates, demand charges, seasonal differ-
ences, and a demand ratchet.

Table 7-5 summarizes the gas rates pro-
vided by Southern California Gas. The
GN-10 rate is for core small-commercial
and industrial customers. Southern
California Gas provides a favorable gas

rate (schedule G-AC) for customers using
absorption chillers only. This rate sched-
ule carries a higher customer charge, but
a much lower energy rate.

AP
~uaelE, A

Electricity in Atlanta is supplied by the
Georgia Power Company, while gas is
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supplied by the Atlanta Gas Light
Company. Table 7-6 summarizes the
Georgia Power electric rate schedules
PLM and PLL. PLM is used for the small

building class and PLL is used for large
buildings. The billing demand is deter-
mined to be the greater of 95% of the
largest summer month’s demand, or 60%

s / - » P o
Rete G-17, Ceneral Service

Cust. Charge (per month): $74.80

Energy Charge (per thermy Hinter
First 100 therms $0.536 $0.536
Next 900 therms $0.497 $0.497
Over 1000 therms $0.487 $0.487
Raie G-11, Gas Air Conditioning

(Absorption and Engine-Driven Chiliers;

Energy Charge {per thermy Summer inter
First 50 therms $0.536 —
Over 50 therms $0.42 —

Summer: May-September
Winter: October-April

SIPALL CHILLERS /120-237 lors,

Chiiier Fuii-Lead Efficiercy
Electric Centrifugal (Standard Efficiency) 0.71 kWifton
Electric Centrifugal (High Efficiency) 0.60 kWjfton
Gas Engine Drive (Screw) 1.5 COP
Absorption (Direct-Fired, Double-Effect) 1.0 COP
LARGE CRILLERS (770-900 tons;

Chiiter Fuli-Load Zfliciency
Electric Centrifugal (Standard Efficiency) 0.66 kW/ton
Electric Centrifugal (High Efficiency) 0.58 kWi/ton
Gas Engine Drive (Screw) 1.6 COP
Absorption (Direct-Fired, Double-Effect) 1.0 COP



of the largest winter month’s demand. calculated using the power (kW) and

The PLM and PLL rates are further energy (kWh) data generated by
divided into blocks according to the COMTECH. It should be noted that the
hours-of-use of demand. To determine 0-200 -hour block is further divided into
the appropriate rate to be applied, the a number of blocks based on energy
hours-of-use of billing demand is first (kWh) consumption. To accommodate

SMALL CHILLERS {120-23C tons)

ilanufacturer ifocer
Carrier 23XL 160-350 0.66 0.61
Carrier 19XL 200-600 0.68 0.60
McQuay PEH-076/079 280-350 0.70 0.58
McQuay PFH-048/050 170-280 0.75 0.68
McQuay PEH-063 170-280 0.70 0.58
Trane CVHE-320 250 0.81 0.56
York YS 200-300 0.67 0.62
York YT 200-800 0.69 0.60
Average 6.7¢ 0.69

LARGE CHILLERS (710-900 fons)

P aiier
Gl

fanufacturer Moce! lions;

Carrier 19EF 500-1000 0.64 06

Carrier 19EX 800-2300 0.63 0.58
Carrier 17EX 800-2300 0.59 0.54
McQuay PEH-126 700 0.7 0.59
Trane CVHF910 800 0.68 0.51
Trane CVHF910 700 0.67 0.53
York YT 700 0.68 0.58
York YT 800 0.68 0.59
York YK (HFC-134a) 800 0.68 0.61
York YK (HFC-134a) 700 0.68 0.6

York ‘ YK (HFCF-22) 800 0.68 0.62
York YK (HCFC-22) 700 0.68 0.63

I

3
®
"

)
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COMTECH’s input requirements, a
weighted average value for the energy
rate ($/kWh) was used for this block.

Table 7-7 summarizes the Atlanta Gas
Light rates. Rate GS-11 includes a gas
cooling rate for absorption and engine-
driven chillers. The gas cooling rate
applies on consumption greater that 50
therms per month.

7.2.3 SYSTEM PERFORMANCE
PARAMETERS

Two electric and two natural-gas-fired
chillers of each size (small and large)
were selected for this analysis (see Table
7-8). Efficiencies of the chillers were
selected based on mid-range equipment
in each category. The electric chiller effi-
ciencies for the small buildings were
selected based on an average efficiency
of eight different chiller models in the
150- to 300-ton range (Table 7-9). The
large chiller efficiencies were selected
based on an average of 12 chiller models
in the 700- to 800-ton range. The conven-
tional electric chillers (0.71 kW /ton,
small; 0.66 kW /ton, large) represent
standard-efficiency models currently
available. These standard-efficiency
models were selected as the “conven-
tional” electric chillers against which the
others were compared.

Electric Centrifugal  Electric Centrifugal
(std. efficiency)
-

Efficiencies of the high-efficiency mod-
els range from 0.56 kW /ton to 0.68
kW /ton in the small size range, while
the standard-efficiency models range
from 0.66 kW /ton to 0.81 kW /ton. The
larger chillers are slightly more efficient
(see Table 7-9). Based on this informa-
tion and contacts with manufacturers,
0.60 kW /ton was selected to represent
the high-efficiency chiller for the small-
sized buildings, while 0.58 kW /ton was
selected to represent the high-efficiency
chiller for the large buildings.

The gas-fired chiller efficiencies were
selected based on mid-range equipment.
For example, the Alturdyne WW-150
(engine-driven screw) has a full-load
COP of 1.52. Also, GASAIR has larger
engine-driven screw chillers available
with a full-load COP of 1.6 (see also
Table 4-3). A screw compressor was
selected for the gas engine chiller
because centrifugal compressors are not
widely available for the small size range.

Direct-fired, double-effect absorption
chillers have full-load COPs in the range
of 0.95 to 1.04. For example, the McQuay
DC-11U (double-effect absorption) has a
COP of 1.0 (AGA 1994, Table 4-3). A full-
load COP of 1.0 was used for all absorp-
tion chillers.

Gas Engine .
(high efficiency) (screw) Absorption
—— —o— o

I:fficency (COP)

50 80 70 80 20 100

Load (%)

Figure 7-2. Part-Load Performance



Part-Load Performance

The performance of most chillers varies
with load. Figure 7-2 shows the part-
load performance (COP) of the four
small chillers used in this analysis. The
part-load curve for the high-efficiency
electric chiller was generated based on
input from manufacturers as well as
printed sources (EPRI 1993c, E-Source
1995, EPRI 1992b). Once the curve shape
was determined, it was scaled based on
the full-load performance for both the
high-efficiency and standard chillers.
Therefore, the curves do not directly cor-
respond to a specific chiller, but are
intended to be representative of a gener-
ic chiller in that size range. The same
curve shapes were also used for the large
chillers.

The gas engine-driven screw chiller
performance curve was derived based
on direct input from AGCC and printed
sources (AGCC 1995a, AGCC 1994, EI
1994, EPRI 1992b, EPRI 1993). Again,
once the curve shape was determined, it
was scaled based on the full-load perfor-
mance (1.5 COP, small; 1.6 COP, large).

The absorption chiller curve was
derived from manufacturer’s data. The
full-load COP is 1.0, and increases to 1.16
at 50% load. Below 50% load, the perfor-
mance drops below 1.0. This same curve
was used to model both the small and

large absorption chillers.

COMTECH requires the efficiencies be
entered in the units of kW /ton for the
electric chillers and MBtu/ton-h (1.0
MBtu=1000 Btu) for the natural-gas
chillers. The conversion factors from
COP are as follows:

kWiton = 3.516/COP
MBtuton-h = 12/COP

Auxiliary Power Recuirements

All chiller systems include a variety of
auxiliary items that use electricity. These
items consist primarily of pumps and
fans. The auxiliaries and their power
requirements used for this analysis are
shown in Table 7-10. Most of these val-
ues were derived from printed sources
(AGCC 1994, AGCC 1995a, EPRI 1993c,
E-Source 1995).

The chilled-water pump was assumed
to operate at 0.04 kW /ton for all cases.
The condenser pump and cooling tower
fans for the gas equipment utilize more
electricity to reject the additional heat.
The power requirements for the cooling
tower fan and some accessories vary
with chiller load.

Eleciric Electric  Absorption Engine

{std eff) (high eff)
Chilled-Water Pump 0.04 0.04 0.04 0.04
Condenser-Water Pump 0.04 0.04 0.08 0.05
Cooling Tower Fans (var.) 0.05 0.05 0.08 0.06
Accessories* 0.00 0.00 0.04 0.00
Total 0.13 0.13 0.22 0.15
Total Constant 0.08 0.08 0.14 0.09
Total Variable 0.05 0.05 0.08 0.06

"Accessories include combustion air fan (0.01 kWiton variable), induced-draft fan, and solution pumps.
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7.2.4 CHILLER COSTS

Chitier Instalied Cost

Installed costs for the chiller plants were
based on quotes from manufacturers
and published sources (EPRI 1993¢, E-
Source 1995, Means 1994, and EI 1994).
The small chillers for this analysis range
between 120 and 230 tons. The cost
($/ton) for this size range was assumed
to increase linearly as the equipment size
decreased. The large chiller costs were
also assumed to decrease linearly
between 740 and 900 tons. Table 7-11
sumimarizes the installed costs used for
this analysis. Refer to Section 5.5 of this
Handbook for more information.

Installed costs can vary significantly
depending on the specific situation.
Manufacturers generally offer a variety
of options for a given chiller that can sig-
nificantly affect the cost.

Chiller Maintenance Cost

Maintenance costs used for this analysis
were selected based on several refer-
ences (EPRI 1993c, EI 1994, AGCC 1994,
and manufacturers). Maintenance costs
can vary significantly by geographic
region based on the local labor rates.
However, it was assumed that the differ-
ences among chiller types and sizes
would be the same regardless of loca-
tion. Table 7-12 shows the per-ton main-
tenance costs chosen for this analysis.

The maintenance on both of the electric
models is the same because the chillers
operate in the same manner. Mainte-
nance cost values for absorption chillers
vary significantly by source, but fall
roughly in the same range as electric
chillers, therefore the electric centrifugal
and absorption chiller maintenance costs
are assumed to be equal.

SHALL CHILLERS (126-230 tons)

Electric Cenirif.
(Standard E£f1.)

Eleciric Centrif.
(Figh Eff.;

Gas Engine
{Screw)

Absorption
(D-F, Double Eff.)

Size (tons; Cosi (8/ton) Cosi (S/ten) Cost ($/ton) Cost ($/ton)
130 702 756 1102 994
170 676 728 1061 957
180 670 721 1051 948
190 663 714 1041 938
210 650 700 1020 920
230 637 686 1000 902

Gas Engine
{Serew;

Cost 18/ion;

740 482 523
780 473 512
810 466 504
850 456 494
900 444 481

779 819
763 803
752 79N
737 775
718 755



Chilier fainienance Cosi (8fionlyy)

Smail Large
{126-230 lons) (740-8GG ions)

Electric Centrifugal (Standard Efficiency)
Electric Centrifugal (High Efficiency)
Gas Engine (Screw)

Absorption (Direct-Fired, Double-Effect)

Maintenance costs for the gas engine
chiller were estimated based on mainte-
nance contract quotes from manufactur-
ers and literature sources. In all cases,
the gas engine chiller maintenance cost
is roughly three times that of the electric
chiller. The difference lies in the cost to
maintain the engine. Maintenance costs
for engines are usually considered in
terms of dollars per operating hour. For
example, one manufacturer quoted a
cost of $4.40 per operating hour for a
200-ton engine-driven chiller. At 4000
hours per year, this results in an annual
cost of $17,600, or $88/ton.

The other aspect of maintenance cost is
the water use. In all cases, the water cost
was assumed to be $4.00/1000 gallons,
which is the COMTECH default. The
water usage in gallons/hour (gph)/ton
was assumed to be 3.0, 3.3, and 4.6 for
electric, engine, and absorption, respec-
tively. The increases represent the
increased heat dissipation required for
the gas-fired equipment. These values
were also derived from manufacturer’s
data and printed sources.

7.3 BESULTS

COMTECH, like other computer energy
analysis programs, produces a significant
amount of data, ranging from detailed
monthly (or even hourly) information to
general annual summaries. In this sec-
tion, general results for all scenarios are
first compared, followed by a more-
detailed discussion of selected scenarios
that highlight the competitive position of
electric and gas chillers.

25 18
25 18
85 59
25 18

There are several factors the reader
should consider when reviewing the
results

¢ All chillers represent mid-range effi-
ciency units for each category (see
Table 7-8). No attempt was made to
optimize the chilled water systems.
Greater savings are anticipated with an
optimized arrangement.

* The gas utilities in all cities (Chicago,
Los Anggeles, and Atlanta) selected for
this analysis offer attractive energy
rates for gas cooling systems. Energy
savings for gas chillers in other loca-
tions will vary depending on local utili-
ty rates (both electric and gas) and any
incentives that may be offered. No
installation incentives for gas chillers
were included in the analysis.

* Most buildings in this analysis would
benefit by having multiple chillers with
staging to improve overall energy per-
formance. However, the purpose of this
screening analysis was to compare four
individual chillers under the same con-
ditions, and multiple chillers were
therefore not examined.

Genszral Cverview

The results for all scenarios are summa-

rized in Tables 7-13 to 7-18. The tables

include selected annual results from the

COMTECH runs. The first two columns

indicate the building and chiller types.

The next two columns show the maxi-

mum load and capacity of the chillers

(chillers were oversized by approximate-

ly 10%). The energy cost ($/year) is the

annual cost of both electricity and natural
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gas for the entire building (including
lighting, HVAC systems, hot water heat-
ing, and all other loads). The mainte-
nance cost column includes physical
maintenance of the energy systems (pri-
marily the chiller) as well as the cost for
water. The installed cost is the cost of the
chiller including labor, pumps, piping,
and the cooling tower. The total savings
($/year) column is the amount of energy
savings minus the incremental mainte-
nance cost relative to the conventional
electric chiller. The payback column is the
simple payback (years) of the chiller com-
pared to the conventional electric chiller.

The results indicate that the high-effi-

payback in all cases. For the 21 scenarios
analyzed, the average high-efficiency
chiller payback was 2.8 years. The pay-
backs varied from 1.4 years (small chiller,
Los Angeles, hospital) to 6.0 years (small
chiller, Chicago, school). The gas-engine
chillers only had a positive payback in 11
of the 21 cases examined. The lowest
payback for engine-driven technologies
was computed at 7.6 years (large chiller,
Atlanta, office and school) and increased
to having no payback (additional costs
over standard electric chillers) in many
cases. The absorption chillers had posi-
tive paybacks in 16 of the 21 cases, rang-
ing from lowest value of 9.4 years (large

ciency electric chillers had the shortest chiller, Atlanta, school) to the highest of

Chilier  Energy Annual Instalied Total Energy Simple
Building Peak Load Size Cost [1] Maint.[2] Cost Savings Payback[3]
Type Chiiler {tons)  (tons) ($/yr) (S/yr) {(S) {(S/yr) (years)
Office Conv. Electric 210 230 148,946 11,026 164,880 _— —
High-Eff. Electric 210 230 145,899 11,026 176,150 3,047 3.7
Gas Engine 210 230 136,499 25,154 225,830 (1,681) none
Absorption 210 | 230 142,317 12,772 248,370 4,883 17.1
Retail Conv. Electric 150 170 153,094 9,694 130,980 — —_
High-Eff. Electric 150 170 150,298 9,694 139,820 2,796 3.2
Gas Engine 150 170 143,615 20,264 178,750 (1,091) none
Absorption 150 170 149,741 11,664 196,430 1,383 47.3
Hospital Conv. Electric 140 150 138,354 8,236 113,250 —_— —_—
High-Eff. Electric 140 150 136,107 8,236 121,350 2,247 3.6
Gas Engine 140 150 130,412 17,576 156,225 (1,398) none
Absorption 140 150 135,265 10,052 172,125 1,273 46.2
School  Conv. Electric 190 210 174,213 12,383 192,270 —_—  —
High-Eff. Electric 190 210 172,470 12,383 202,770 1,743 6.0
Gas Engine 190 210 165,790 25,088 248,970 (4,282) none
Absorption 190 210 168,668 12,943 269,970 4,985 15.6

1 Annual cost of both electricity and gas for the entire building.
2 Annual maintenance cost includes water use.
3 Equipment incentives not included in payback calculation.
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345 years to having no payback in five of
the cases studied.

Selected Scenarios—Smail Chillers

Each of the four small buildings have
unique demand requirements. The office
and retail buildings have relatively regu-
lar daily schedules throughout the year.
The hospital is occupied around the clock
and has a much higher demand per unit
of floor space for space heating, water
heating, and space cooling. Schools have
a unique cooling load requirement
because their use is typically limited dur-
ing summer months when cooling
demand is typically the highest.

The office building is a common chiller
application. Figure 7-3 shows the month-

ly electric energy use of the small office
building in Chicago with the convention-
al electric chiller. The chiller in this sce-
nario is estimated to operate 4655 hours
during the year (1410 EFLH). The chiller
is not expected to operate in January or
February, thus these months approxi-
mate the monthly base electric load (97 -
112 MWHh). As expected, the electric use
is highest in the summer months when
the cooling load is the greatest.

A further breakdown of the annual
energy costs for the small office buildings
in Chicago, Los Angeles, and Atlanta is
shown in Figure 7-4. The energy cost is
the total annual cost of electricity and
natural gas for the building. Maintenance

Chiller  Energy Annual insialled Total Energy Simple
Building Peak Load Size Cost[1] Maint.[2] Cost Savings Payback{3]
Type Chiller {tons)  (ions) (8/yr) {Syr) (s (S/yr) (years)
Office Conv. Electric 160 180 199,986 9,435 127,640 _— —
High-Eff. Electric 160 180 195,462 9,435 136,820 4,524 2.0
Gas Engine 160 180 190,534 20,652 177,680 (1,765) none
Absorption 160 180 195,600 11,658 196,220 2,163 31.7
Retall Conv. Electric 120 130 198,007 8,921 103,910 _— —
High-Eff. Electric 120 130 194,010 8,921 111,190 3,997 1.8
Gas Engine 120 130 189,395 17,150 141,870 383 99.1
Absorption 120 130 193,868 11,209 155,910 1,851 28.1
Hospital Conv. Electric 130 140 225,405 11,965 103,420 e —
High-Eff. Electric 130 140 219,851 11,965 111,120 5,554 1.4
Gas Engine 130 140 217,304 21,145 143,915 (1,079) none
Absorption 130 140 222,613 16,127 158,895 (1,370) none
School  Conv. Electric 110 120 170,532 7,487 116,910 —_— —_—
High-Eff. Electric 110 120 168,822 7,487 123,630 1,710 3.9
Gas Engine 110 120 164,164 14,779 151,950 (924) none
Absorption 110 120 167,833 7,979 164,910 2,207 21.7

1 Annual cost of both electricity and gas for the entire building.
2 Annual maintenance cost includes water use.
3 Equipment incentives not included in payback calculation.
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Chiller ftons,; {years) |
Office Conv. Electric 210 230 184,689 13,011 158,060 _ —
High-Eff. Electric 210 230 178,309 13,011 169,330 6,380 1.8
Gas Engine 210 230 164,419 27,411 219,010 5,870 10.4
Absorption 210 230 176,980 16,212 241,550 4,508 18.5
Retail Conv. Electric 150 170 165,071 10,628 129,880 —_— —_
High-Eff. Electric 150 170 160,269 10,628 138,720 4,802 1.8
Gas Engine 150 170 152,471 21,303 177,650 1,925 24.8
Absorption 150 170 162,028 13,160 195,330 511 128.1
Hospital Conv. Electric 130 140 155,657 9,216 106,060 —_— o
High-Eff. Electric 130 140 151,576 9,218 113,760 4,081 1.9
Gas Engine 130 140 144,652 18,093 146,555 2,128 19.0
Absorption 130 140 153,606 11,760 161,535 (493) none
School  Conv. Electric 180 200 200,843 12,657 176,510 —_—  —
High-Eff. Electric 180 200 196,331 12,657 186,610 4,512 2.2
Gas Engine 180 200 184,369 24,929 231,010 4,202 13.0
Absorption 180 200 192,005 14,110 251,210 7,385 10.1

1 Annual cost of both electricity and gas for the entire building.
2 Annual maintenance cost includes water use.
3 Equipment incentives not included in payback calculation.
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includes the physical maintenance’ of the
equipment as well as cooling tower
water costs. The ownership cost is the
annualized cost of the capital required to
purchase the chiller equipment?.

The energy cost is the most significant
portion of the annual cost for each case.
The lowest operating costs are realized
with the gas engine and absorption
chillers. However, the increased mainte-
nance and ownership costs of these
machines make the total annual cost
higher than that of the high-efficiency
electric chiller.

The payback estimates of the high-effi-
ciency electric, gas engine, and absorp-
tion chillers in the small office building
are shown in Figure 7-5. The high-effi-
ciency electric chiller has the lowest pay-
back of all chillers in all scenarios. For the
small office, the payback values range
from 1.8 years in Atlanta to 3.7 years in
Chicago. The maintenance costs of the
gas engine chillers in Chicago and Los
Angeles are higher than the energy sav-
ings, resulting in no payback. However,
in Atlanta, the savings exceeded the
maintenance costs resulting in a 10.4-year

! For engine-driven chillers, maintenance is assumed to cover the cost of engine rebuilds.

* Annualized at 10% interest and 20 years of equipment life.



Chiller  Energy Annual instailed Total Energy Simple
Building Peak Load  Size Cost [1] Maint.[2] Cost Savings Payback[3]
Type Chiller (fons) {tons) (S/yr) {8/yr) ($) ($/yr) {years)
Office Conv. Electric 820 900 626,841 37,405 469,670 — —
High-Eff. Electric 820 900 617,592 37,405 502,970 9,249 3.6
Gas Engine 820 900 577,668 75,662 716,270 10,916 22.6
Absorption 820 900 603,463 44,638 749,570 16,145 17.3
Hospital Conv. Electric 780 860 812,808 42,558 449,276 —_— —
High-Eff. Electric 780 860 802,809 42,558 481,784 9,999 3.3
Gas Engine 780 860 766,187 79,881 689,732 9,298 25.9
Absorption 780 860 797,168 53,557 722,240 4,641 58.8
School Conv. Electric 820 900 538,838 38,388 561,410 S —
High-Eff. Electric 820 900 532,838 38,388 594,710 6,000 5.6
Gas Engine 820 900 500,941 75,742 808,010 543 454 1
Absorption 820 900 514,277 40,808 841,310 22,141 12.6

Chiller  Energy Annual installed Total Energy Simple
Building Peak Load  Size Cost [1] Maini.[2] Cost Savings Payback[3]
Type Chiller (fons)  (fons) (Styr;} (Syr) ($) {Styr) (years)
Office Conv. Electric 740 810 949,072 49,451 411,016 —_— —_—
High-Eff. Electric 740 810 931,256 49,451 442,444 17,816 1.8
Gas Engine 740 810 918,027 85,779 643,162 (5,283) none
Absorption 740 810 941,536 66,078 674,590 (9,091) none
Hospital Conv. Electric 670 740 1,240,937 54,218 402,880 — e
High-Eff. Electric 670 740 1,222,875 54,218 433,220 18,062 1.7
Gas Engine 670 740 1,214,580 88,144 622,660 (7,569) none
Absorption 670 740 1,238,949 73,342 652,260 (17,136) none
School  Conv. Electric 710 780 738,394 39,915 487,410 —_— —_—
High-Eff. Electric 710 780 728,265 39,915 517,830 10,129 3.0
Gas Engine 710 780 712,692 73,190 713,610 (7,573) none
Absorption 710 780 730,740 46,822 744,810 747 344.6

1 Annual cost of both electricity and gas for the entire building.

2 Annual maintenance cost includes water use.

3 Equipment incentives not included in payback calculation.
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Chiller  Energy Annual Instalied Total Energy Simple
Building Peak Load Size ost [1] Maint.[2] Cost Savings Payback([3]
Type Chiller {tons)  (tons) ($/yr) {Styr) (%) ($lyz) {years)
Office Conv. Electric 800 880 737,579 44,867 440,044 —_— _
High-Eff. Electric 800 880 718,828 44,867 472,956 18,751 1.8
Gas Engine 800 880 666,992 83,358 683,628 32,096 7.6
Absorption 800 880 714,931 57,725 716,540 9,790 28.2
Hospital Conv. Electric 710 780 965,534 48,220 419,430 _ —
High-Eff. Electric 710 780 947,903 48,220 449,850 17,631 1.7
Gas Engine 710 780 909,285 83,067 645,630 21,402 10.6
Absorption 710 780 960,695 63,512 676,830 (10,453) none
School Conv. Electric 770 850 645,294 41,528 509,810 _— —
High-Eff. Electric 770 850 630,415 41,528 542,110 14,879 2.2
Gas Engine 770 850 577,739 77,668 748,660 31,415 7.6
Absorption 770 850 609,458 48,406 780,960 28,958 9.4
1 Annual cost of both electricity and gas for the entire building.
2 Annual maintenance cost includes water use.
3 Equipment incentives not included in payback calculation.
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Figure 7-3. Monthly Electric Energy Use—Small Office Building in Chicago
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payback. The absorption chiller payback
is the lowest in Chicago (17.1 years) and
the highest in Los Angeles (31.7 years).

A breakdown of the payback compo-
nents of the three chillers in the Atlanta
small office building is shown in Figure
7-6. The high incremental installed cost
and lower annual savings of the gas
chillers results in higher payback peri-

ods. It should be noted that if the absorp-
tion chiller is utilized for space heating
and hot water heating (referred to as a
chiller /heater), the cost of the boiler
($9900) and water heater ($1650) could be
eliminated. In this situation, the payback
for the absorption chiller is reduced to
16.0 years. Even in this situation, the
high-efficiency electric chiller produces
the lowest payback (1.8 years).
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Selected Scenarios—Large Chillers

Results for the large chillers are summa-
rized in Tables 7-16 to 7-18. In many sce-
narios, the comparison trends are similar
to those of the small chillers. As in the
small buildings, the high efficiency elec-
tric chiller produced the lowest payback
in each scenario. The gas engine chillers
generally had lower paybacks in large
buildings compared to small buildings.
No consistent trends were observed for
the payback of the absorption chillers
between the two building sizes. One
observation is that the paybacks for the
large absorption chillers in the office and
school in Los Angeles are noticeably
higher (actually negative for the office)
compared to the small buildings.

A closer look at the monthly energy
costs for the Los Angeles large office
building reveals some insight as to why
the absorption chiller performance was
reduced. Figure 7-7 shows the monthly
energy cost savings for this scenario. The
summer months (June through Septem-
ber) show a clear and significant energy
cost savings for the absorption chiller
over the conventional electric chiller.
However, the other months reveal a cost
penalty for using the absorption chiller.
In this case, year-round cooling is

required. During winter months, cooling
is required at a low level, and the chillers
provide that cooling at low efficiency.
For example, in January the electricity
cost savings is $4452 with the absorption
chiller, but the gas cost increase is $5928,
resulting in a $1476 deficit.

The energy rates also play a significant
role in this case. The Southern California
Edison electric rate structure includes
high summer demand charges, but mini-
mal winter demand charges. This is the
primary reason for the significant sum-
mer savings by using the absorption
chiller.

The high efficiency electric chiller is
clearly the best choice for large hospitals.
For Chicago the gas engine and absorp-
tion chillers show high paybacks of 25.9
and 58.8 years. In Los Angeles, the annu-
al operating costs of the gas-fired chillers
are higher than for the conventional elec-
tric chiller, so no payback is possible. The
Atlanta service territory is more favor-
able for the gas engine chiller, but still
produces no payback for the absorption
chiller.

7.4 APPLICATION GUIDELINES

The results in Section 7.3 indicate that
high efficiency electric chillers are the
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most economical choice for the scenarios
examined (includes the Chicago, Los
Angeles, and Atlanta service territories).
For the scenarios analyzed, the gas
chillers are less cost-effective (i.e., longer
simple payback) compared to high-effi-
ciency electric chillers. The following
observations may be helpful when
choosing electric chillers for a specific
application
* High-efficiency electric chillers pro-
duced the lowest payback in all scenar-
ios. The lowest payback (1.4 years)
occurred for the hospital in Los
Angeles (Table 7-14).

* High-efficiency electric chillers per-
formed well in both large (around 700
tons) and small (around 200 tons)
buildings.

* In all Atlanta scenarios, the payback for
the high-efficiency electric chiller was
2.2 years or less.

¢ Gas engine chillers produced the great-
est annual energy savings, but these
energy savings were accompanied by
high maintenance costs, resulting in
lengthy or non-existent paybacks.

* Gas engine chillers generally per-
formed better in the large buildings.

¢ The payback for absorption chillers
was more dependent on service territo-
ry and building type than building size.

While this analysis indicates that high-
efficiency electric chillers have the lowest
payback for the 21 scenarios examined,
there are a number of factors that can
influence these results and shift conclu-
sions. A few of these factors are listed
below:

¢ Installation incentives may be provided
by local gas utilities or manufacturers
that were not factored into this analy-
sis. An incentive of $100/ton can signif-
icantly improve the economic position
of a gas chiller. Favorable natural gas
rates are often provided by utilities to
customers of absorption or engine-dri-
ven chillers. These utilities may also
provide significant installation incen-
tives (520 - $100/ton) for gas-fired
chillers. These incentives would signifi-
cantly reduce the incremental cost and
thus the payback would be improved.

* Electric and gas energy costs vary
widely across the country and have the
greatest impact on chiller operating
costs.

* Maintenance costs for engine chillers
are significantly higher than the others.
However, manufacturers may offer dis-
counted maintenance contracts with
the sale of the gas engine chiller which
could substantially reduce the pay-
backs presented here. This study
assumes camparable electric and
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absorption maintenance costs.

» Heat recovery from gas and electric
chillers was not factored into this
analysis, and may help reduce costs for
both chiller types.

Absorption chillers are available as
absorption chiller/heaters, which can
potentially provide both space heating
and cooling. In this situation, the capi-
tal cost of a gas boiler and water heater
would be eliminated, thereby reducing
the overall capital cost.

Hybrid chiller configurations (i.e., a
combination of electric and gas chillers
in one facility) offer opportunities to
further reduce energy costs. High-effi-
ciency electric chillers can be used for
base load cooling, while gas chillers can
be used to trim peak electrical energy
consumption and thus reduce demand
charges.

Thermal energy storage offers peak
reduction potential and associated cost
savings, particularly for electric chillers.

High-efficiency condensing systems
using oversized cooling towers and
evaporative condensors are often cost-
effective electric chiller system alterna-
tives.

Modeling programs other than
COMTECH may produce different
results than those presented in this
study. The selection of the program and
the modeling approach can impact the
results of any performance comparison.

To illustrate the potential influence of
gas system incentives, consider the small
office building in Chicago (see Table 7-
13). The incremental cost of the 230-ton
absorption chiller is $83,490. If a
$100/ton incentive is provided, the incre-
mental cost is reduced to $60,490. In
addition, if a gas boiler and water heater
can be eliminated with a chiller/heater
arrangement, the capital cost may be fur-
ther reduced by perhaps $18,370 (incre-
mental capital now at $42,120). With the
same annual savings of $6,629, the pay-
back would be 6.4 years. This value is
now more competitive with the high-effi-
ciency electric chiller (3.7 years).

A similar scenario could be made for

the gas engine chiller in Atlanta (see
Table 7-18). Here the chiller size is 880
tons, and the incremental cost over the
conventional electric chiller is $235,584. If
a $75/ton incentive is provided, the
incremental cost is reduced by $66,000 to
$177,584. Also, if the manufacturer pro-
vided a service contract costing 40% less
than the estimate, the annual savings is
increased by $33,343 to $65,439. This
results in a 2.7-year payback, which is
more competitive with the high-efficien-
cy electric chiller (1.8 years).

7.5 SUMMARY

Electric chillers have historically domi-
nated the space cooling market for com-
mercial buildings. In recent years, a
significant issue related to the use of elec-
tric chillers has been the availability of
refrigerants. The production of chloroflu-
orocarbon (CFC) refrigerants was
banned effective December 31, 1995, and
phaseout of hydrochlorofluorocarbon
(HCFC) refrigerants will occur in coming
years.

Refrigerant and chiller manufacturers
have responded quickly to refrigerant
curtailments, and non-CFC chillers are
presently available. In addition to devel-
oping non-CFC technologies, manufac-
turers have continued to improve the
features and efficiency of electric chillers.

In this study, we specifically analyzed
high-efficiency electric chillers compared
to gas engine and absorption systems.
The performance of these chillers was
modeled for three cities (Los Angeles,
Chicago, and Atlanta), four building
types, and two building sizes (small
buildings, near 200 tons of load - large
buildings, near 700 tons of load). A total
of 21 scenarios were examined with these
parameters.

High-efficiency chillers had significant-
ly lower simple payback values in all 21
scenarios compared to the gas engine
and absorption technologies. The results
of the analysis indicate that electric cen-
trifugal chillers are the most economical
to own and operate and will make elec-
tric chillers the continuing choice for
space cooling in commercial buildings.
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CASE STUDY 1

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Washington, DC
Shiloh Baptist Church Famity Life Center.

Replace three existing 14-year-old 55-ton air-cooled reciprocating
chillers.

To reduce annual electric bills through HVAC, lighting, building
envelope, and motor system retrofit.

Mandatory participation in lighting retrofit program in order to be
eligible for PEPCO’s rebate under its Chiller Early Retirement Program.

Two 45-ton and one 55-ton HCFC-22, air-cooled, reciprocating chillers,
rated at 1.1 kWi/ton.

$118,619 rebate from PEPCO's Custom Rebate Program
Projected 16 tons of cooling load reduction due to lighting retrofit.

Projected 15 tons of cooling load reduction due to reduction in airflow
rate, and precooling strategy employing ambient air under 55°F.

No up-front costs for $201,641 project (before rebate).

$83,022 of project cost financed with a 10% loan from PEPCO’s
Commercial Loan Program.

438,939 kWh of consumption trimmed from annual electric bill, as well
as a reduction of 89 kW from peak demand.

$28,824 trimmed from annual electric bills.
4-year payback period.

PEPCO’s Custom Rebate Program expanded to include the Chiller
Early Retirement Program.

PEPCO’s rebate and loan programs available to all commercial,
government, and single-metered multifamily facilities.

“Esco Arranges Utility Rebate, Loan to Fund Church's Retrofits,” EUN
Vol. 19, No. 6, June 1994.
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CASESTUDY 2

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:
Other:

Reference:

Atlanta, GA
400,000 ft?, 30-story office building.
Rebuild an existing CFC chiller.

Rebuild poorly maintained 25-year-old chiller to avoid shutdown, and
replace CFC refrigerant.

Chiller plant inconveniently located in penthouse mechanical
equipment room.

Components used in refurbishment had to fit in building’s freight
elevator.

Expense too high to install a new system, and a simple overhaul
insufficient.

Critical to ensure no disruptions to building operations during
refurbishment.

Two Trane 750-ton model LX “CentraVac” chillers retrofitted with
HCFC-123 compatible compressors, rated at full-load efficiencies of
0.73 kWjton.,

Replace existing compressors, rated full-load efficiencies of 0.90
kW/ton, with new compressors rated at 0.73 kW/ton.

Full-load energy efficiency of system improved by 19%; part-load
efficiencies improved as well.

Control panels installed for optimal chiller plant management; panels
tied in to manager’s computer.

Improvements projected to reduce peak demand.

Project cost of $650,000.

Compressor motor panels added for smooth, dependable startup.
“Replacement Compressors, Other Changes Solve Problems of

Building’s Aging Chillers,” The Air Conditioning, Heating and
Refrigeration News, June 20, 1994.



CASE STUDY 3

Location:
Application:
Aproach:
Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

San Jose, CA
San Jose Mercury News Building.
Replace two 430-ton, CFC-11 centrifugal chillers.

Install a chiller plant that demonstrated the organization’s commitment
to environmental and energy savings issues, and establish a
leadership position in these arenas.

90-day (Jan-Mar) installation window had to be met in order to qualify
for a rebate from PG&E.

Significant expense and complicated logistics associated with
asbestos removal.

Significant expense associated with old equipment removal, as well as
the demolition and reconstruction of equipment room walls.

Two York International “CodePak” low-energy, HCFC-22, 630-ton
electric chillers.

$93,500 rebate from PG&E.

Cooling system optimized from 0.8 kW/ton to 0.4 kW/ton.
Intallation of systemn to fully automate operation of chiller plant.
$598,000 project cost before rebate.

18-month simple payback.

Consumption reduction from 0.8 kW/ton to 0.4 kW/ton had to be met in
order to earn rebate from PG&E.

“California Newspaper Renovates Facility With HCFC-22 Chillers,” The
Air Conditioning, Heating and Refrigeration News, August 1, 1994.
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CASE STUDY 4

Location: San Francisco, CA

Application: 54-story, 2-million ft2 Bank of America World Headquarters Building,
2000 tons peak, as well as 160,000 ft? adjacent building.

Approach: Add a third chiller to an existing system consisting of two York
International Turbomaster 1750-ton CFC-12 electric chillers.

Goal: Prevent chiller shutdown during low-load periods due to chiller over
capacity.

Constraints: Limited space made removal and replacement of old primary chiller

prohibitively expensive.

Could not locate a chiller that exactly matched the desired cooling
capacity and the building’s voltage capacity.

New Chillers: One York International 1035-ton single-stage HFC-134a electric chiller.

Decision Factors: $86,063 rebate from PG&E. Replace old compressor and driveline and
install a variable speed drive that was responsible for 33% of the total
energy savings.

Chiller demand optimized from 0.85 kW/ton to 0.63 kWiton, at full load.

Installation of a control pane! to independently optimize chiller
operation.

Cost Summary:  $349,200 project cost.

Energy consumption cut by 1,306,254 kWh, and peak demand
reduced by 415 kW.

$147,187 trimmed annually from utility bills.
1.79-year payback after rebate.

Other: Rebate offered as part of PG&E’s Retrofit Customized Rebate
Program.

Compressor retrofit performed as part of York’s “Codekit” service
package.

Overall system complexity significantly reduced by removing
intercooling and thermocycling components.

Reference: “Bank’s Chiller Conversion and VSD Retrofit Realize 22-Month
Payback,” EUN Vol. 19, No. 1, January 1994.
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Location:
Application:
Approach:
Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Reference:

Napervilie, IL
1.2-million ft> AT&T Bell Labs Building.
Replace five existing 900-ton electric chillers.

To correct a cooling imbalance for existing chiller load and to add new
as well as backup capacity.

HFC-134a ruled out due to high cost.
HCFC-123 ruled out due to its toxicity.

Two York International 1000-ton gas-fired lithium bromide absorption
chillers.

One York International 1000-ton HCFC-22 electric centrifugal chiller
rated at 0.69 kWj/ton.

$200,000 rebate from Northern lllinois Gas.

Two field panels added to complex’s 17,000-point Metasys building
automation system to accommodate upgrade.

Free cooling strategy (incorporating plate-and-frame heat exchangers)
to account for 94% reduction in utility bill for existing service.

$400,000 project cost before rebate.

Projected reduction of 2,459,600 kWh in annual electricity
consumption.

$174,000 trimmed from annual utility bill,
1.1-year payback.

Gas-fired absorption chiller $40,000/year cheaper to operate than
equivalent electric chiller.

“AT&T Lab Heat Exchangers, Absorption Chillers Net 1.1 Year
Payback,” EUN Vol. 19, No. 5, May 1994.
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Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Fort Meyers, FL
10-Building Edgewood Elementary School Complex.

Add thermal storage to existing system comprised of two Trane 141-
ton HCFC-22 air-cooled electric chillers.

To simultaneously comply with Florida’s uniform building code and
realize substantial savings in annual electric bills by switching to time-
of-use rates.

Florida’s uniform building code mandated use of thermal energy
storage.

Needs of occupants had to be met first and foremost.
none
$59,000 FP&L rebate.

Projected 88% reduction in annual electricity bill savings by using
thermal energy storage and switching to time-of-use rates.

Annual fees of $25,170 avoided by shifting demand to off-peak hours.

Thermal energy storage allowed the achievement of colder chilled
water supply temperatures, better humidity control, and overall
improved comfort.

Lower water temperatures allowed specification of smaller piping and
ductwork.

$87,060 project cost after rebate.
3-year project payback.
3000-ton-h thermal energy storage addition.

Thermal energy storage cost $146,060 more than alternative air-cooled
electric chiller plant.

Rebate offered under FP&L’s Thermal Energy Storage Program.

$2500 offered by FP&L for initial thermal energy storage feasibility
studies.

“School's Thermal Storage, Time-of-Use Service Nets Nearly
$30,000/yr Savings,” EUN Vol. 19, No. 8, August 1994.



CASE STUDY 7

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Detroit, Ml
5.5-million ft?, 5-building complex.

Automate chiller plant comprised of one 1200-ton and three 4000-ton
electric centrifugal chillers.

To realize significant energy savings by upgrading building automation
system.

Upgrade had to be achieved in a manner that would allow the
integration of 20-year-old and state-of-the-art equipment.

Had to improve on the $500,000 yearly savings achieved through
manual optimization.

Adopted load-shedding strategies subject to tenant comfort.
none

$38,516 rebate from Detroit Edison’s Custom Equipment Incentive
Program.

Five load-shedding strategies programmed into controls to
occasionally shut down equipment in noncritical areas.

Chiller performance optimized through the use of daily printouts of
graphs of chiller performance.

$236,000 project cost before rebate.

Electricity consumption trimmed by 3.8 million kWh in the first two
months of the year's cooling season.

1500 tons shed from cooling load by optimizing chilled water flow rate.

$298,000 of savings achieved in first two months of cooling season
after upgrade.

2-month payback achieved versus initially projected 2-year payback.
Upgraded building controls are easy to program (user-friendly).

Upgraded building controls allow easy integration of 20-year-old
technology with the state-of-the-art.

“Cooling System Optimization Saves 5-Building Complex $298K,” EUN
Vol. 19, No. 12, December 1994.
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CASE STUDY 8

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Newport Beach, CA
17-story, 249,000 ft? 660 Tower (Newport Center) office building.
Replace existing chiller and hot water boiler.

Create a “fuel blind” energy savings program and reduce the cost of
energy for the building owners.

Upgrade chillers based upon a “fuel biind” philosophy.

Energy savings program mandated to take aggressive steps towards
conservation, demand-side management, and integrated resource
planning.

One 400-ton York international HCFC-123 electric chiller.
One 400-ton York International gas-fired chiller.

Existing chiller controls modified by incorporating demand-based
optimization logic.

$1.5 million HVAC and lighting retrofit at no up-front cost to building
owner.

Projected annual consumption to decrease by 2.5 million kWh.
$228,000 projected reduction in annual utility bills.

60% of up-front project cost paid by Southern California Edison
(SoCalEd), and 40% paid by Southern California Gas (SoCalGas).

Total annual energy savings amount to $228,000: 80% of savings paid
directly to prinicipal and interest of loan, 10% goes to building owner,
6% to SoCalEd, 4% to SoCalGas.

Retrofit funded by the “Irvine Initiative”, a joint-effort between SoCalkEd
and SoCalGas, created to develop long-term energy-efficiency
programs without regulatory mandates, and without up-front
investments by end-users.

Utility-customer collaboration endorsed by state regulators.

“Gas, Electric Utilities Unite to Aid User,” EUN Vol. 20, NO. 1, January
1995.



CASE STUDY §

Location:

Application:

Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Reference:

Plymouth, MA
Jordan Hospital.

Add a previously owned 100-ton Trane single-effect absorption chiller
to an existing plant comprised of two 100-ton reciprocating electric
chillers.

To optimize the use of excess cogenerated steam, and to reduce the
amount of purchased power during summer peak demand.

Upgrade had to fit with existing cogeneration loop to utilize excess
steam.

One newly installed previously owned Trane 100-ton single-stage
absorption chiller.

Add to existing chiller plant to make use of otherwise vented steam.
Water treatment and makeup water feed costs reduced.

Lower utility costs due to upgrade.

$125,000 project cost.

Projected 489,000 kWh reduction in consumption, as well as 170 kW in
demand.

Projected $60,000 to be trimmed annually from electric bill.

Projected $11,000 to be trimmed annually from water and water
treatment bill.

1.8- to 2.5-year payback.

“Hospital Optimizes Cogen Plant With Absorption Chiller,” EUN Vol. 20,
No. 8, August 1995.
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CASE STUDY 10

Location:
Application:
Approach:
Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Boston, MA
32-story office building, 99 High Street.
Replace two existing steam-driven absorption chillers.

Replace two aging single-effect absorption chillers and add backup
capacity.

Mechanical room size.

Three high-efficiency centrifugal HFC-134a chillers with a total
capacity of 2500 tons.

Additional backup capacity desired.

Mechanical room size constraints eliminated direct-fired and steam-
driven absorption chillers.

Boston Edison Company'’s Energy Efficiency Partnership Program
provided $269,000 to cover the incremental cost for the three high-
efficiency chillers.

In addition to assistance provided to purchase the chillers, Boston
Edison Company's Energy Efficiency Partnership Program provided
$282,000 to cover various chiller system upgrades (e.g., installation of
variable-frequency drive, high-efficiency motors, and other cooling
system modifications).

Peak electric consumption estimated to increase from 530 kW to 1380
KW.

" Electric energy consumption estimated to increase from 805,000

Other:

Reference:

KWh/yr to 1.22 million KWh/yr.
Steam reduction of 27 million Ib/yr.

Net savings were $130,000/yr ($210,000 steam savings minus $80,000
of added electric demand charges and energy expenses).

The new electric HFC-134a chillers (3 units with a total capacity of
2500 tons) are estimated to reduce CO, and NOy emissions by 70%
compared to the previous single-effect steam absorption chillers (2
units with a total capacity of 2340 tons).

EPRI (1995i)



CASE STUDY 11

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Coral Gables, FL
4.5 million #* of University of Miami campus buildings.

Replace five independently operated CFC-11 chilled-water plants with
a campuswide chilled-water system.

Install a chilled-water-loop system that makes the University of Miami
the most energy-efficient university in the nation.

Chilled-water-loop system had to be designed to facilitate easy
upgrade to cooling capacity as the campus expands in phases.

One Trane centrifugal chiller rated at 0.55 kW/ton and two ultra-high-
efficiency “EarthWise CenTraVac” centrifugal chillers rated at 0.51
kW/ton for Phase | addition to the loop.

One existing CFC-11 centrifugal chiller retrofitted with DuPont Suva
123 refrigerant for Phase | addition to the loop.

Trane "EarthWise CenTraVac” chillers have the highest energy
efficiencies ever recorded for commercial refrigeration equipment.

DuPont Suva has the highest thermodynamic cycle efficiency of
available CFC alternatives.

University of Miami quallified for 50% matching costs for construction
under Phase | from Florida’s Energy Office and FP&L due to projected
energy efficiency.

University of Miami now paying 5.8 cents/kW versus previous 7.5
cents/kW for power since qualifying for Florida Power and Light's CILC
rate.

Reduce maintenance costs by retiring 600 tons of stand-alone direct-
expansion equipment.

Trane "EarthWise CenTraVac” centrifugal chillers utilizing DuPont Suva
123 are designed for “near-zero” emissions, and lose less than 0.5% of
their refrigerant charge per year.

Matching funds provided under Florida Energy Office’s Institutional
Conservation Program grant.

“Florida Campus Cuts CFC Use, As Well As Energy Consumption,”
The Air Conditioning, Heating and Refrigeration News, July 10, 1995.
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CASE STUDY 12

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Washington, DC
EPA’s headquarters building.
Replace two 875-ton Trane electric chillers rated at 0.77 kW/ton.

Achieve energy efficiency in EPA’'s headquarters by employing a total
systems approach.

Upgrade in a manner that satisfied EPA’s total systems approach.
Design an upgrade that resulted in significant utility-generated
emissions.

Two Trane 670-ton electric chillers, utilizing DuPont Suva 123, and
rated at 0.52 kW/ton.

New chillers draw about half the power, 348 versus 674 kW, of the old
chillers on a peak-load day.

Energy savings of 35% realized by upgrade to EPA’s headquarters;
savings projected at 4 million kWh/year, or $300,000/year at typical
energy rates of 7.5 cents/kWh.

Internal rate of return of 15 to 60% projected for building owners
through implementation of EPA’s “Energy Star Buildings Program”.

EPA’s total systems’ approach to upgrading the efficiency of its
building included a variable-flow water pumping system, a variable
frequency drive, new induced-draft cooling towers, lighting retrofits,
new window treatments, and smaller, more-efficient chillers.

EPA’s energy savings projected to reduce utility-generated emissions
by 6,000,000 Ib of CO,, 72,000 Ib of SO,, and 22,000 Ib of NO.

Trane’s “EarthWise CenTraVac” chiller’s low-pressure compressor
designed so that in the event of a leak, air leaks into the machine
rather than refrigerant leaking out.

“Trane Helps EPA Set Good Example for CFC-Free Energy Efficiency,”
The Air Conditioning, Heating and Refrigeration News, June 5, 1995.



CASE STUDY 13

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Reference:

Washington, DC
Washington Adventist Hospital.
Replace three 20-year-old CFC electric chillers.

To replace the old chillers with new chillers that exemplified the
hospital’s commitment to be an environmentally conscious and cost-
efficient organization.

Too expensive to convert old chillers.

Old chillers’ poor energy efficiency and high refrigerant loss record
disqualified them from retrofitting.

New high-efficiency chillers had to be installed for hospital to qualify
for local utility’s (PEPCO) financial inventives and technical expertise.

Two Trane 740-ton “EarthWise CenTraVac" electric centrifugal chillers
rated at 0.49 kW/ton and based on DuPont Suva 123 HCFC.

Rebate from PEPCO through its chiller replacement program.
Replace three 20-year-old CFC electric chillers.
Projected 4.5-year payback.

Projected annual savings on electric bills through the use of high-
efficiency units.

“Washington Hospital Selects New Chillers, With New Refrigerant,” The
Air Conditioning, Heating and Refrigeration News, April 3, 1995.



CASE STUDY 14

Location:
Application:
Approach:

Goal:

Constraints:

New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Rancho Mirage, CA
Ritz-Carlton Hotel.

The previous chiller piant was comprised of two 250 ton CFC-11
chillers with full-load efficiencies near 0.8 kW/ton. The approach was to
replace one of these chillers with a HCFC-123 unit, and rebuild the
other chiller to operate with HCFC-123.

Field test new and rebuilt centrifugal chillers that use non-CFC
refrigerants (e.g., HCFC-123).

No significant constraints.

250-ton centrifugal HCFC-123 unit with a full-load efficiency near 0.6
kw/ton.

Southern California Edison was interested in having field-test data to
quantitatively compare the performance and cost of new versus rebuilt
non-CFC electric chillers.

As a first step, one of the 250-ton CFC-11 chillers was replaced with a
HCF-123 chiller. This work was completed in 1993, and monitoring was
conducted from June 1993 to July 1994.

The second step involved rebuilding the remaining CFC-11 chiller.

Analysis of the rebuilt chiller performance was scheduled for
completion by late 1995.

The new chiller reduced energy consumption from 1,038,282 kWh/yr to
811,203 kWh/yr (22%). Electric demand was reduced by 32 kW (24%)
during the peak month. The higher efficiency new chiller reduced
cooling tower fan energy consumption by 3500 kWh/yr, and also
reduced water consumption.

The total annual savings for the new chiller were $18,800, compared to
an installed cost of $114,300. The resulting payback is 6.1 years.

Data for the rebuilt chiller will be available in 1996.

EPRI (1995j)



CASE STUDY 15

Location:
Application:
Approach:

Goal:
Constraints:
New Chillers:

Decision Factors:

Cost Summary:

Other:

Reference:

Tucson, AZ
JCPenney Store in the El Con Mall.

The previous chiller system consisted of two 300-ton CFC-11
centrifugal chillers with full-load efficiencies near 0.95 kWjton. These
chillers were installed in 1971. The approach was to replace one of
these chillers with a new HCFC-22 unit.

Increase efficiency, reduce energy costs, and eliminate CFCs.
No significant constraints.

One 290-ton HCFC-22 screw chiller with a full-load efficiency near 0.64
kwiton.

Aging CFC-11 chiller in need of replacement with a non-CFC unit.

Chiller replaced as part of an overall energy management program,
Other improvements included more-efficient lighting.

Energy savings due to chiller are about 70,000 kWh/month, which
translates to monthly savings of $3750 to $5000.

Installed cost of chiller was $94,000 ($63,000 for purchase of new
chiller).

Projected payback is approximately 2 years.

As a result of the energy management program, total energy savings
for the store during the cooling season are estimated at 100,000
kWh/month. About 75% of these savings are credited to the new,
more-efficient chiller.

EPRI (1995k)
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Electric Chillers

Carrier Corporation
P. O. Box 4808
Syracuse, NY 13221
315-432-6000

Dunham-Bush

101 Burgess Road
Harrisonburg, VA 22801
540-434-0711

McQuay International
13600 Industrial Park Blvd.
Minneapolis, MN 55441
612-553-5330

The Trane Corporation
3600 Pammel Creek Road
La Crosse, WI 54601
608-787-2000

York International Corporation
P.O. Box 1592

York, PA 17405
717-771-7890

gy

Gas Engine-Driven Chillers

Direct-Fired Absorption Chillers

Alturdyne Energy Systems
8050 Armour Street

San Diego, CA 92111
619-565-2131

GASAIR

P.O. Box 5348
Kingwood, TX 77325
713-360-0893

Hercules Energy Products
2896 Telegraph Road
Fillmore, CA 93015
805-524-5880

Sierra Power

6101 West Courtyard Drive
Building II, Suite 225
Austin, TX 78730
512-343-9591

Tecogen

45 First Avenue
P.O. Box 8995
Waltham, MA 02254
617-622-1400

York International Corporation
P.O. Box 1592

York, PA 17405
717-771-7890

American Yazaki Corporation
13740 Omega Road

Dallas, TX 75224
214-385-8725

Carrier Corporation
P. O. Box 4808
Syracuse, NY 13221
315-432-6000

McQuay International
13600 Industrial Park Blvd.
Minneapolis, MN 55441
612-553-5330

The Trane Corporation
3600 Pammel Creek Road
La Crosse, WI 54601
608-787-2000

York International Corporation
P.0. Box 1592

York, PA 17405
717-771-7890
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