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Overview

1. Overview
This document is adesign guide for chilled water plants. This overview chapter
identifies the target audience, describes the organization of the guide, summarizes
what isin each of the chapters, and offers advice on how to use the guide.
Introduction

Target Audience

Many large buildings, campuses, and other facilities have plants that make chilled
water and distribute it to air handling units and other cooling equipment. The design,
operation and maintenance of these chilled water plants have a very large impact on
building energy use and energy operating cost.

Not only do chilled water plants use very significant amounts of electricity, andin
some cases gas, they also significantly contribute to the peak load of buildings. The
utility grid in California, and in many other areas of the country, experiencesits
maximum peak on hot summer days. During this peak event, chilled water plants are
often running at maximum capacity. When temperatures are moderate, chilled water
plants are shut down or operated in stand-by mode. This variation in the rate of
energy useisamajor contributor to the peaks and valleysin energy demand, whichis
one of the problems that must be addressed by utility grid managers.

Most buildings and facilities that have chilled water plants have special utility rates
where the cost of electricity depends on when it is used and the maximum rate of use.
PG&E for instance, has five time-charge periods: summer on-peak, summer mid-
peak, summer off-peak, winter mid-peak and winter off-peak. The price of electricity
is severa times higher during the summer on-peak than it is during the off-peak
periods. Not only does the cost of electricity vary, but most utility rates also have a
monthly demand charge based on the maximum rate or electricity use for the billing
period. Since chilled water plants operate more intensely during the summer peak
period, efficiency gains and peak reductions can result in very large utility bill
savings, e.g., the cost savings are often much larger than the energy savings.

Chilled water plants are being built at a brisk pace so there is a great opportunity to
apply the principals of this guide. In addition to new construction, the chilled water
plants of many existing buildings are being replaced or overhauled. Older chilled
water plants have equipment that uses ozone-damaging refrigerants. International
treaties, in particular the Montreal Protocol, call for ozone damaging chemicals (in
particular CFCs) to be phased out of production. Asthe availability of CFCsis
reduced, the price will skyrocket, creating additional pressure for chilled water plants
to be overhauled or replaced.

The Cool Tools Design Guide is written for mechanical engineers who design,
redesign or retrofit chilled water plants. The guide provides engineering information
on how to estimate plant loads; details on chillers, towers and other plant equipment;
system piping arrangements and configurations; controls; design approaches; contract
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documents; and commissioning. While design engineers are the primary audience,
the guide also provides useful information for operation and maintenance personnel,
mechanical contractors, and building managers.

Organization of Material

The design guide is organized in eight chapters plus an appendix. The first chapter is
this overview.

Loads. Chapter 2 discusses the nature of chilled water loads and how they should be
considered in the design of chilled water plants. In the past, most engineers have
estimated only the peak or maximum load. However, accounting for the time pattern
of loads can be just as important. It is also important to anticipate future growth in
load and to build in excess capacity when appropriate. Methods of calculating peak
loads and hourly loads are reviewed in Chapter 2. These include site measurements
(for existing facilities), computer simulations, rules of thumb and prototype
buildings.

Equipment. Chapter 3 reviews some basics on chillers, cooling towers, pumps, and
other plant equipment. This chapter discusses: the basic refrigeration cycle; water
chillers; cooling towers; air-cooled condensers; and pumps. Experienced engineers
may want to skim this chapter.

Systems. Chapter 4 discusses different ways of arranging chilled water equipment in
the system to achieve energy efficiency and operational simplicity. The pros and cons
of constant flow and variable flow systems are discussed along with various primary-
only and primary/secondary pumping systems. Other topics include interconnecting
multiple chilled water plants and heat recovery chillers.

Controls. Chapter 5 explores the many design and performance issues related to
controls and instrumentation of chilled water plants. Topicsinclude: types of sensors;
styles of and selection criteriafor control valves; controller requirements and
interfacing issues; the importance of performance monitoring; types and
configuration of local instrumentation; and recommended control sequences for
chilled water plants

Design. Chapter 6 provides procedures and analysis techniques for optimizing chilled
water plant design. Topics include optimizing the size and selection of the chillers
and other plant components and the sequencing of the chiller plant equipment. A
design approach is recommended which combines detailed analysis and rule-of -
thumb recommendations. The recommended approach will achieve better results than
traditional design procedures.

Procurement. Chapter 7 discusses strategies for procuring chilled water plant design
and construction services. It also recommends specific procedures for evaluating
chiller options and selecting an energy-efficient and cost-effective chiller. Case
studies of the chiller selection process are provided for a new building and aretrofit
project. A sample chiller bid specification and a sample chiller bid form are also
provided.

Commissioning. Chapter 8 provides an overview of the commissioning process,
including: a definition; why commissioning is important; benefits and costs; levels of
commissioning; and who should act as the commissioning authority. This overview is
followed by a discussion of the commissioning phases for atypical chilled water
plant, from the development of the commissioning program to post-occupancy
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commissioning activities. Examples of a commissioning plan, acommissioning
specification and test procedures are al so included.

Definitions. This appendix defines technical terms used throughout the Guide.
Defined terms are identified in the Guide by italics.

Appendices. The Guide includes eight appendices. These are:
=  Appendix A. Condenser Water Optimization Study

= Appendix B. Sample Chiller Bid Specification

= Appendix C. Sample Forms

= Appendix D. Sample Preliminary Commissioning Plan

= Appendix E. Start-up and Pre-Verification Procedures

= Appendix F. Division 1

= Appendix G. Division 15

=  Appendix H. Verification Test Procedures

How to Use the Guide

Mechanical engineers who design chilled water plants are the target audience for the
guide. All of the material in the guide isrelevant to this group, although experienced
engineers can briefly review Chapter 2 on loads and Chapter 3 on equipment and
then refer to this material as necessary.

» Building owners and managers should read the chapters on controls, procurement
and commissioning. The other chapters can be skipped or reviewed skimmed.

= Plant operation and maintenance personnel should study the chapters on controls
and commissioning and read the chapter on equipment.

= Mechanical contractors and equipment suppliers should read the chapters on
equipment, systems, controls, procurement and commissioning. The chapters on
loads and design are of less significance and can be skipped.
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Table 1-1 — Target Audience

Target Audience Other Users of Guide
Chapter Experienced Engineersin Building Operation/ Mechanical
Engineers Training Owners and Maintenance Contractors/
Managers Personnel Suppliers
1. Overview
2. Loads
3. Equipment
4, Systems
5. Controls
6. Design

7. Procurement

8. Commissioning

Legend

Should review carefully

Review as necessary

Not Important
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2. Chilled Water Plant Loads

This chapter discusses chilled water plant peak 1oads and annual cooling load profiles
and how they affect the selection of the plant design and equipment capacity. One of
the primary thrusts of this Design Guide is to encourage the use of life-cycle cost
analysis as the basis for optimizing the plant’s design and making prudent equipment
selections. Fundamental to the design process is a keen understanding of the chiller
plant cooling loads and how they vary with time. If an existing plant is being
modified or expanded, it is possible to monitor the cooling load and obtain an
accurate estimate of both the peak load and the cooling load profile. A great many
plants, however, are designed with only preliminary information available about the
building' s design and function. Getting accurate peak load and cooling load profile
information for these plants is much more difficult. This chapter discusses the
uncertainties involved with predicting chiller plant loads and the impact of these
uncertainties on the design process.

Understanding Loads and Their Impact on Design

Before designing a chilled water plant, it is essential to understand how the plant will
be operated and what loads it will need to handle throughout its service life. There
are certain key load parameters that affect the cooling load profile and consequently
the nature of the plant design. These parameters include:

» Theuse of outdoor air economizers

=  Theuse of 100% outdoor air units

= Hours of building or facility operation

= Constant loads from a process or data center

»  Process requirements for fixed temperature chilled water

For example, the cooling load profile of a San Francisco office building that operates
five days per week was analyzed with and without economizers. AsFigure 2-1
shows, the number of hours that the plant operates at lower loads increases
dramatically when an economizer is not used. This profile will influence the
optimum selection of the number and capacity of the chillers aswell as the full-load
and part-load energy efficiency of the machines.

In asimilar example, Figure 2-2 shows the cooling load profile of alaboratory in
Fresno that utilizes 100% outdoor air and operated 24 hours per day, seven days per
week. Thisload is compared to the cooling load profile of asimilar size office
building that operates seven days per week and has an economizer. This example
dramatically indicates that the 100% outdoor air system has significantly more
operating hours at low load than the office. The effects of the load profile will
impact the optimum selection of the chiller plant configuration.
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Peak Loads Overview

The process for estimating peak cooling loadsin new construction is explained
thoroughly in Chapters 25 through 30 of ASHRAE 1997 Handbook — Fundamentals.
The basic variables for peak load calculations include weather conditions, building
envelope design, internal heat gain, ventilation, and to a lesser extent infiltration.

L ess obvious but nonetheless important are the diversity between the various load
components, and the effects of thermal mass. The diversity of loadsis the probability
of simultaneous occurrence of dynamic peak loads. In other words, it is a measure of
the likelihood that the occupancy, lighting, and plug loads will each peak at the same
time that the envel ope load peaks.

There isinherent uncertainty in peak load calculations. Any number of elements can
make the actual load differ from the calculated load. For instance:

= Design conditions can vary depending on the site location relative to the
weather station used for calculations.

= Weather conditions can vary over aperiod of time as aresult of
increasing urbanization and changesin land use.

= Building envelope elements are not always what were planned for, due to
change ordersin the construction process or modifications after
occupancy.

= Changes may occur in the operation and maintenance of the plant and
buildings.

= Ventilation rates can vary.

= Equipment loads can be significantly different than were planned for and
can vary over time.

Often the characteristics of the loads served are not clear at the time of the plant
design. It isnot uncommon to base the cooling plant on awell-defined building with
clear load information, but then to couple this plant to future buildings for which
there is no information except a rough idea of the square footage.

An expansion or remodel provides the opportunity to monitor the existing plant for
peak load. The plant may have a building automation system that has trend logs for
monitoring peak loads. Also, agood operator can often accurately report on the
percent of full load that the plant sees during peak weather conditions A recent
ASHRAE study showed that the measured peak cooling load of amajor hotel in San
Francisco varied as much as 20% (1200 tons maximum, 961 tons minimum) during a
three-year monitoring period.

For most designers the perceived risks of understating the peak load condition
(undersizing the cooling plant) are much greater than overstating the peak load. An
undersized cooling plant may not meet the owner’ s expectations for comfort and may
affect the owner's ability to manufacture products or provide essential services.
Oversizing the cooling plant, however, carries an incremental first-cost penalty that is
not always easy to identify. Also, an oversized plant may not be as energy efficient
asasmaller plant. Thetendency isfor designers to use conservative assumptions for
peak load and to add safety factors at several levelsin the calculation process. In
addition, diversity of loads is not aways well understood. The load-estimating
techniques and assumptions generally used today tend to overestimate peak cooling
loads, with the result that most chilled water plants are oversized.
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Annual Load Profiles Overview

A cooling load profileis atime series of cooling plant loads and correlated weather
data. The primary role of acooling load profile isto facilitate the correct relative
evaluation of competing design options.

An accurate understanding of the cooling load profile affects the plant configuration.
For example, aplant that serves a hotel complex with long periods of very low loads
would be designed differently than a plant that serves widely varying loads only in
mild and warm weather during the daytime (for instance, an office building).

If the actual cooling loads are closely related to weather data, then temperature bin-
estimating techniques may produce satisfactory analysis results. But CoolTools
research indicates that in most cases the load is not strongly correlated with weather
data, particularly wet-bulb data, which is very important for proper condenser water
system analysis. Using bin-weather data al one for optimization cal culations will
seldom provide the accuracy needed for atruly optimized plant. Therefore, to
accurately address the impact of the expected load profilein achiller plant’s design,
it is necessary to have hourly load data for an entire “typical” year.

In developing cooling load profiles for computer simulation models, the designer
typically begins with one day (24-hour) schedules for occupancy, lighting, plug
loads, etc., then modifies these schedules to include weekends and holidays. The
schedules are heavily skewed by the designer’ s peak load mentality (that is, adesire
to avoid undersizing the chilled water plant), with the result that the annual 1oad
profiles can be very much overstated. The designer’ s ability to accurately project
hourly load profilesinto the future adds alevel of uncertainty to the entire analysis
procedure. Other sources of uncertainty include:

= Measurement error in monitored data

= Effectsthat are neglected (or too subtle to account for) in the calculations

= Changed values (U-factors, etc.) for parametersin the calculations

= Probabilistic nature of some parameters that affect load (for example, wind)

Designers must acknowledge uncertainty in the development of the annual load
profiles. Besidesimperfect information in the development of the cooling load
profile, other sources of uncertainty include climate variables, operation and

mai ntenance schedules, and building functions. Uncertainty means that the “most
probable” cooling load profileis not asingle set of data but rather a range of data
within some statistical characterization (mean, standard deviation, etc.). Accounting
for uncertainties in cooling load profilesis not well understood. One approach may
be to consider the “most probable” load profile along with “low” and “high”
scenarios.

Oversizing / Undersizing Considerations

In the Peak Loads Overview the opinion was put forward that most chilled water
plants are larger than needed to meet maximum load conditions. While this may
appear unwise from an energy conservation view, the issueis complex and
underscores the need to understand part-load operations. Here are some impacts of
oversizing/undersizing the chilled water plant:

»  When operating at part loads, an oversized chiller may not perform as
efficiently as a smaller machine.
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» Oversized chillers have larger chilled and condenser water pumps that
will consume more energy.

=  When coupled with variable-speed pumping, the larger piping in the
oversized plant may have |less pressure drop (lower pumping energy)
than asmaller plant.

= Antheoversized plant’slarger cooling towers may alow greater savings
on tower fan energy by operating at low speed for longer periods of time.
Also, they may produce lower condenser water temperatures for more
efficient part-load operation of the chillers.

»  Oversized plants cost more to build. While aplant’s cost may not vary linearly
with itstotal capacity, larger plants have more expensive chillers, larger pumps
and possibly larger piping.

Sometimes oversizing a chilled water plant is unavoidable. The owner’s criteria may

call for incorporating redundant chillers or for increasing plant capacity in

anticipation of afuture load.

To mitigate problems with oversized plants, the chilled water plant must run
efficiently at low loads. Chapter 6 discusses strategies for achieving optimum
selection of chiller configurations. The following example from a computer
simulation model helps demonstrate the issue of oversizing. In this case, an 800-ton
cooling plant serves an office complex that operates on a basic 5 days per week
schedule. Typical load profiles were scaled for peak cooling load of exactly 450
tons. The plant was modeled with the following scenarios:

= A single 800-ton machine with inlet vane control

= A single 800-ton machine with variable-speed drive control

= Two 400-ton machines with inlet vane control

= Two 400-ton machines each with variable-speed drive control

Figure 2-3 shows the results of this simulation. Note the dramatic reduction in
annual cooling energy consumption when the variable-speed drive is added to the
800-ton machine, and aso when multiple machines are added.

Although there are other scenarios may produce similar or better results, this example
illustrates that the energy penalty for an oversized plant can be dramatically reduced
if efficient turndown isincorporated into the design.
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Figure 2-3 — Cooling Energy Usage for Four Design Alternatives

Determining Peak Loads

Calculations/Simulations

ASHRAE’s 1997 Handbook — Fundamentals defines accepted methods and
procedures for cooling load calculations. These well-known procedures include
information on ventilation and infiltration, climatic design information, residential
and non-residential load calculations, fenestration, and energy estimating methods.
In discussing cooling load principles, the Handbook emphasized the importance of
analyzing each variable that may affect cooling load calculations:

“The variables affecting cooling load cal culations are numerous, often difficult to
define precisely, and always intricately interrelated. Many cooling load components
vary in magnitude over awide range during a 24-h period. Since these cyclic
changes in load components are often not in phase with each other, each must be
analyzed to establish the resultant maximum cooling load for a building or zone.”
Chapter 28 of the Handbook illustrates several different calculation techniques for
obtaining a 24-hour load profile and peak |oad determination. Although these
techniques are not duplicated here, Table 2-1 summarizes these cal culation methods.
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Table 2-1 — ASHRAE Cooling Load Calculation Methods

Method Description Comment
SHG-TFM Solar heat gain — Transfer function method ~ Computer based, hour by hour,
based on solar heat gain factor

SCL —-TFM Solar cooling load — Transfer function Computer based, hour by hour,
method based on solar cooling load factor

SCL —-CLTD Solar cooling load — Cooling load One step hand calculation based on
temperature differential transfer function method

SHG - TETD/TA Solar heat gain — Total equivalent Tedious manual calculation no
temperature differential/Time averaging longer being pursued by ASHRAE

SCL —TETD/TA Solar cooling load — Total equivalent Tedious manual calculation no
temperature differential/Time averaging longer being pursued by ASHRAE

Figure 2-4 from ASHRAE' s 1997 Handbook — Fundamental s demonstrates the
results of the different calculation procedures for the same space. Notice that the
peak cooling load occurs at near the same hour but varies as much as 20% depending
on the calculation procedure used.
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Figure 2-4 — Comparison of Peak Load Calculation

Although these calculation techniques have worked very well over the years,
designers must be aware of the limitations of these techniques. Because of the
uncertainties previously discussed, the design load calculations may be different than
the actual chiller plant peak load. Selecting the maximum capacity of the plant is
important, but it is perhaps even more important to consider the plant’s energy
efficient part-load performance.
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Site Measurements

When an existing chiller plant is being remodeled or expanded, it's possible to
monitor the actual peak cooling load to obtain invaluable information. The
monitoring can be short term (several months) to establish peak load and daily trends
or can be long term (one year or longer) to determine annual load profiles.
Successfully measuring energy and load performance of a cooling plant requires
rigorous monitoring protocols. For a complete guide to chilled water plant
monitoring protocols, refer to the Cool Tools website. These monitoring protocols
comprise four stages, which include:

1. Survey of Monitoring Sites (Stage One): Conduct a compl ete audit of the chilled
water plant, including a comprehensive systems diagram and lists of all
equipment, energy performance characteristics, motor sizes and control
strategies.

2. Monitoring Plan (Stage Two): From the comprehensive systems diagrams
prepare a plan for determining the data to be monitored and the monitoring
equipment needed. Necessary monitoring equipment includes data loggers, flow
measurement devices, temperature measurement devices, power measurement
devices, and instrumentation tables. Determine the time periods to be monitor.

3. Fidd Installation (Stage Three): Install instrumentation in accordance with the
monitoring plan and the installation instructions. Take spot measurements to
assure that the equipment is calibrated properly and that all sensors and
instruments are working correctly. Provide guidelines to operators. Have aplan
for removal of instrumentation and patching of insulation, etc.

4. DataCollection and Analysis (Stage Four): Obtain data and provide validation.
Perform analysis on both a basic level (for example, simple temperature logs of
chiller energy usage), and amore detailed level (for example, chiller plant energy
performance as a function of various el ements such as time and weather).

From this procedure, the peak loads will emerge, as well as the relationship and
interaction of the various components. The quality of the monitoring protocol will
determine the accuracy and usefulness of the results.

Rules of Thumb

There are anumber of helpful rules of thumb for sizing chilled water plants. Rules of
thumb are useful for providing check figures on load calculations. Also, if the
buildings connected to the chilled water plant are not fully defined, rules of thumb
may be the only way to effectively determine the plant’s cooling load. Suchisthe
case in many central plants that serve campus distribution systems where future—but
presently undefined—buildings may be a prominent portion of the ultimate load.
Rules of thumb are best used in the early analysis stages of plant design. It is not
appropriate to use rules of thumb for the final equipment selection.

ASHRAE has published load check figuresin its“ Pocket Guide for Air-
Conditioning, Heating, Ventilation and Refrigeration.” Table 2-2 below is reprinted
from this guide. When using this guide for the California climate, it is best to use
low and average columns. Thisis because this table represents the full spectrum of
climate conditions across the United States and was devel oped prior to energy codes
being in place.
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Table 2-2 — Cooling Load Check Figures

Classifications Refrigeration (Sq Ft/Ton)
Low Average High

Apartment, High Rise 450 400 350
Auditoriums, Churches, Thestres 400 250 920
Educational Facilities, Schools, Colleges, Universities 240 185 150
Factories, Assembly Areas 240 150 90
Factories, Light Manufacturing 200 150 100
Factories, Heavy Manufacturing 100 80 60
Hospitals, Patient Rooms 275 220 165
Hospitals, Public Areas 175 140 110
Hotels, Motels, Dormitories 350 300 220
Libraries and Museums 340 280 200
Office Buildings (General) 360 280 190
Residential, Large 600 500 380
Residential, Medium 700 550 400
Restaurants, Large 135 100 80
Restaurants, Medium 150 120 100

Shopping Centers, Department Stores, and Specialty Shops

Beauty and Barber Shops 240 160 105
Department Stores, Basement 340 285 225
Department Stores, Main Floors 350 245 150
Department Stores, Upper Floors 400 340 280
Dress Shops 345 280 185
Drug Stores 180 135 110
5c and 10c Stores 345 220 120
Hat Shops 315 270 185
Shoe Stores 300 220 150
Malls 365 230 160
Refrigeration for Central Heating and Cooling Plant
Urban Districts 475 380 285
College Campuses 400 320 240
Commercial Centers 330 265 200
Residential Centers 625 500 375
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Determining Hourly Load Profiles

There are several methods for determining annual cooling load profiles depending on
what stage the project isin and the resources available for analysis. The following
are common methods for determining annual cooling load profiles:

=  Computer simulation models
= Site measurements
= Prototype models

For new construction, the two methods typically used are custom computer
simulations and prototype models. Customized simulations have the greatest
potential for accuracy but can be costly to develop and are subject to modeler error.
Prototype simulations offer quick and relatively inexpensive analysis but may not be
as accurate as the customized simulation.

For retrofit and expansion of existing plants, it’s possible to conduct site visits to
measure profiles. This technique yields the most accurate results but requires special
planning, technical expertise, equipment, budget and time.

Each of these methods can be combined with statistical and mathematical techniques
from avariety of sources including short-term measurements, site data, and billing
data. These hybrid approaches offer the best possibility to balance accuracy and
effort. The following sections discuss each technique:

Computer Simulation Models

Asdiscussed in Annual Load Profiles, cooling load profiles generated by computer
simulation models can be customized for the specific project. Asaresult, they can be
quite accurate. Typically, the building envelope, associated fenestration, wall types,
roof, etc. are known with agreat deal of accuracy. Thisinformation is usually
available at the end of the design development phase for new construction projects.
The designer usually estimates a series of 24-hour occupancy load profiles for
people, lights and equipment. These occupancy profiles are based on knowledge of
the building use and occupied/unoccupied time schedules. The 24-hour profiles are
then modified to represent weekend/holiday use. Primary and secondary systems and
equipment are input as well as part-load performance data for each piece of
equipment. The energy simulation program calcul ates loads using hourly weather
datafor the areain which the project islocated. The resulting cooling load profileis
an 8760-hour time series of cooling loads, avalue for each hour of the typical year.
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Table 2-3 — Cool Tools Praototype Cooling Load Profiles

Building type Operating Schedule HVAC System

Office 5 days/week Economizer
No Economizer

7 daysiweek Economizer
No Economizer

Hospital 24 hour Economizer
No Economizer

Process 1 shift Economizer
No Economizer

2 shift Economizer
No Economizer

3 shift Economizer
No Economizer

Laboratory 7 daysiweek n. a

Classrooms Y ear around Economizer
No Economizer

No summer use Economizer
No Economizer

Retail 7 days/week n. a

Hotel assembly 7 daysiweek Economizer
No Economizer

Hotel guest rooms 7 daysiweek n. a

Computer simulation models are typically very complicated, require experienced
modelers for inputting and checking, and present the modeler with alarge range of
input options. Depending on the level of detail required in the analysis, the range of
input options can be reduced somewhat by using appropriate default values. Because
of the uncertainties discussed above in Peak Loads Overview, the resulting load
profile may not match the actual profile. To assess the impact of these uncertainties
on the options analysis, several input variations can be run to achieve less likely,
most likely, and highly scenarios.

Site Measurements

Site monitoring for peak loads was discussed earlier in this chapter. The same site
monitoring protocol can be used for determining cooling load profiles based on either
short-term or long-term measurements. Long-term monitoring is not likely to
become standard practice because it is costly and time-consuming to obtain the data.
Also, experience with long-term data indicates that due to weather and other
variables, asingle year’ s measurement wouldn’t match the second year' s data and as
aresult isnot deterministically exact. Short-term data could potentially be used to
define the basic shape of the typical 24-hour load profile by season or month.
However, the datais climate sensitive and the associated weather/load profiles are
difficult to record, especially considering the solar aspect of the load. In the future,
perhaps methods will be available that use short-term data to normalize ssimulation-
based or prototypical-based load profiles.
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Prototypes

The Cool Tools project has developed alibrary of prototypical load profilesfor a
number of different building types and occupancy ranges. The basic library includes
21 systematic building variationsin 16 California climates. Thisresultsin atotal of
336 hourly load profiles. The 21 building variations include offices, hospitals,
industrial facilities (process), laboratories, classrooms, hotel meeting rooms and hotel
guest rooms (see Table 2-3). For many of these building types, separate profiles are
provided for different schedules of operation and HVAC system options.

Each of these load profiles is a 8760-hour time series with the cooling load, heating
load, dry-bulb temperature and wet-bulb temperature recorded for each hour.
Software developed as part of the Cool Tools project allows users to scale these load
profiles by building size or by peak loads. For mixed-use buildings, multiple load
profiles can be selected and “blended” together to approximate the actual load
profile.
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3. Chilled Water Plant Equipment

Introduction

Water Chillers

Refrigeration Cycle

Chilled water plants are complex systems. Design engineers seeking to maximize the
performance and economic benefits of upgraded or new chilled water plants need a
thorough understanding of the major equipment used in these plants. Chapter 3
provides an in-depth look at this equipment, as well as essential information on how
the components relate to one another, how they are controlled, and what their
physical and operational limitations are. This chapter discusses:

= thebasic refrigeration cycle;

= the components commonly used in commercially available packaged water
chillers;

» methods of heat rejection, with an emphasis on cooling towers and air-cooled
refrigerant condensers;

= the characteristics of different types of pumps;

= pump and system curves, with an emphasis on understanding the nature of
variable-speed pumping; and

= theapplication and efficiency of variable-speed drives.

Therefrigeration cycle, also know as the Carnot cycle, is the fundamental
thermodynamic basis for removing heat from buildings and rejecting it to the
outdoors. The cycle' s four basic components are:

= Compressor

= Evaporator

= Condenser

» Throttling Device

The refrigeration cycle diagram shows the relationship of these components, as does
the pressure-enthalpy chart, also known asaP-H or Mollier chart. The followingisa
description of the refrigeration cycle:

= Starting at point A, the refrigerant isaliquid at high pressure. Asit passes
through the throttling device (also called expansion valve) to point B the pressure
drops. At point B the refrigerant is a mixture of liquid and gas. At this point the
gasiscalled “flash gas.” At point A’ the liquid refrigerant upstream of the
throttling device has been cooled to a temperature below saturation. This effect
iscaled “subcooling” and has the effect of reducing the amount of flash gas, as
shown by point B'.
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= From point B to point D the liquid is converted to a gas by absorbing heat
(refrigeration effect). Notice the gas leaving the evaporator at point D has been
heated to alevel greater than saturation as shown by point C. The heat from
point Cto D is called “superheat.” Superheating in the evaporator ensures that
thereisno liquid in the refrigerant as it moves into the compressor.

= From point D the refrigerant is drawn into the suction of the compressor where
the gasis compressed, as shown by point E. At point E the temperature and
pressure of the gas has been increased. The refrigerant is now called “hot gas.”
Notice that this point isto the right of the saturation curve, which also represents
a superheated state.

*= Thehot gas, point E, moves into the condenser where the condensing medium
(either air or water) absorbs heat and changes the refrigerant from a gas back to a
liquid as shown by point A. At point A theliquid is at an elevated temperature
and pressure. Theliquid is forced through the liquid line to the throttling device
and the cycleisrepeated.
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Figure 3-1 — The Refrigeration Cycle
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Figure 3-2 — Pressure-Enthalpy Chart
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Refrigerants

To work properly, refrigerants must have low toxicity, low flammability and along
atmospheric life. Recently, refrigerants have come under increased scrutiny by
scientific, environmental, and regulatory communities because of the environmental
impacts attributed to their use. Some refrigerants—particularly chlorofluorocarbons
(CFCs)—are known to destroy stratospheric ozone. The relative ability of a
refrigerant to destroy stratospheric ozone is called its 0zone depletion potential
(ODP).

CFCs are being phased out according to the 1987 Montreal Protocol. The production
of CFCsin developed countries ceased in 1995, and their most common replacement,
hal ogenated chlorofluorocarbons (HCFCs) are due for phase-out in the 21% century.
Replacements are currently being developed for HCFC R-123 and HCFC R-22,
which are commonly used in the industry. For all practical purposes, however,
HCFCs should be available well into the middie of the 21% century and certainly
within the lifetimes of machines currently being manufactured.

Table 3-1 — Montreal Protocol

The 1987 Montreal Protocol, and subsequent revisions, established the following timeline for the phase-
out of chlorinated fluorocarbons (CFC) and hydrochlorinated fluorocarbons (HCFC):

Refrigerant Y ear 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

The global warming potential (GWP) of refrigerants is another significant
environmental issue. Gases that absorb infrared energy enhance the “greenhouse”
effect in the atmosphere, leading to the warming of the earth. Refrigerants have been
identified as “greenhouse gases.” A chart showing the ODP versus GWP of various
refrigerantsis available. Theoretically, the best refrigerants would have zero ODP
and zero GWP, like R-717 (ammonia). Although some refrigerants used in a
particular system may have a direct effect on global warming, there will also be an
indirect effect on global warming as aresult of that system’s energy consumption.
The indirect effect is caused by the burning of fossil fuels and subsequent rel ease of
carbon dioxide. To reduce greenhouse gases to the greatest extent possible, it is
critical to focus on the system’ s overall energy efficiency, not just to consider the
refrigerant’s GWP.
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Figure 3-3 - ODP vs. GWP for Common Refrigerants

When comparing the theoretical and practical efficiencies of different refrigerants, it
becomes apparent that there are only dight differences among various refrigerants,
with R-123 being somewhat better than the refrigerants it is designed to replace.
Cam et al. (1997)1 reports “that efficiency is not an inherent property of the
refrigerant, but rather achieving the highest efficiencies depends on optimization of
the system and individual components for the refrigerant.”

Water Chiller Components

Compressors
There are four basic types of compressors used in packaged water chillers. These
are:
» Reciprocating
= Rotary
=  Centrifugal
= Absorption

Reciprocating

A reciprocating compressor is a positive displacement machine that works very
similarly to an automobile engine. A piston is driven through a pin and connecting
rod from a crankshaft, which is driven by a motor. As the piston moves down, the
resulting suction opens avalve and alows the refrigerant to be drawn into the
cylinder. On the upward stroke the increased pressure closes the suction valve. When
the cylinder pressure exceeds the pressure in the discharge line, the discharge valve
opens and the hot gas is released to the discharge pipe.

1. Cdm,JM.and D.A. Didion. 1997. Trade-Offsin Refrigerant Selections: Past, Present, and Future.
Atlanta: American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.
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Figure 3-4 — Reciprocating Compressor
The reciprocating compressor is either open or hermetic. Open compressors are those
in which the shaft extends through a seal in the crankcase for an external drive.
Hermetic compressors are those in which the motor and compressor are contained
within the same housing. The motor shaft isintegral with the compressor crankshaft
and the motor is in contact with the refrigerant. Hermetic compressors can be totally
sealed within awelded shell or can be semi-hermetic, which isahermetic
compressor that is bolted rather than welded to facilitate field repair. The semi-
hermetic compressor is far more common for water chillers (except when ammonia
isused). A semi-hermetic compressor can have as many as 16 cylinders but 4 to 6 are
most common.

Stator
Rotor

0l
Filter C .
Sealed Casing One-piece Crankshaft

Figure 3-5 — Hermetic Compressors
Typicaly, the cooling capacity of reciprocating compressors are controlled by:
= cycling them on/off, with or without multiple compressors;
= using cylinder unloaders;
= using hot gas bypass (HGBP); or
= al three methods.

Cycling the compressor on/off is a cost-effective and energy-efficient control
strategy, particularly when multiple compressors are used. Cycling the compressor
too rapidly can cause motor failure. To prevent motor failure control circuit relays
will delay the restarting of the compressor and other relays will force the compressor
to run for a minimum amount of time. These safety devices can cause very uneven
chilled water temperature fluctuations.
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Unloaders are devices that lift the suction gas valve so that the piston does not
compress the gas. Since the compressor is cooled with the refrigerant, a minimum
number of cylinders must always be loaded. Unloaders are a cost-effective and
energy-efficient control strategy. Because the pistons continue to movein an
unloaded condition, the part-load energy efficiency is somewhat less than the cycling
method.

Hot gas bypass works by diverting hot gas from the compressor discharge into the
evaporator. Thisisusually controlled from low suction pressure. When used it
should be set to operate only after the last stage of unloading has occurred. Hot gas
bypass allows the machine to run with zero loads. With hot gas bypass there is no
energy savings as the machine unloads. Asaresult, hot gas bypass should only be
used for critical low-load applications.

Larger chillers (up to 230 tons) using reciprocating compressors will have multiple
compressors, usually with two separate refrigerant circuits. During light loads, one of
the refrigeration circuits is deactivated.

Currently, scroll or screw compressors are largely supplanting reciprocating chillers.

Rotary

There are a number of types of rotary compressors used in the HVAC industry
including scroll, single blade (fixed vane), rotating vane, and screw (helical-rotary).
Scroll, single blade and rotating vane compressors are generally used in smaller
applications and will not be discussed further here. In packaged water chillersthe
most commonly used compressor is the screw. There are two typesin use today: the
single screw and the twin screw.

Sngle Screw. The single screw consists of asingle cylindrical main rotor that works
with apair of gaterotors. The compressor is driven through the main rotor shaft and
the gaterotors follow by direct meshing action. Asthe main rotor turns, the teeth of
the gaterotor, the sides of the screw, and the casing trap refrigerant. As rotation
continues, the groove volume decreases and compression occurs. Since there are two
gaterotors, each side of the screw acts independently. Single-screw compressors are
noted for long bearing life as the bearing loads are inherently balanced. Some single-
screw compressors have a centrifugal economizer built into them. This economizer
has an intermediate pressure chamber that takes the flash gas (via a centrifugal
separator) from the liquid and injectsit into a closed groove in the compression
cycle, with the result of increased efficiency.

The single screw is controlled from a slide valve in the compressor casing that
changes the location that the refrigerant is introduced into the compression zone.
This causes areduction in groove volume and hence the volume of gas varies
(variable compressor displacement). The machines are fully modulating. The single
screw has slide valves on each side that can be operated independently. This allows
the machine to have a very low turndown with good part-load energy performance.

3-6
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Figure 3-6 — The Sngle Screw

Twin Screw. The twin screw is the common designation for double helical rotary
screw compressor. The twin screw consists of two mating helically grooved rotors,
one male and the other female. Either the male or female rotor can be driven. The
other rotor either follows the driven rotor on alight oil film or isdriven with
synchronized timing gears. At the suction side of the compressor, the gasfillsavoid
between the male and femal e rotors. As the rotors turn, the male and female rotors
mesh and work with the casing to trap the gas. Continued rotation decreases the
space between lobes and the gas is compressed. The gas is discharged at the end of
therotors.

The twin screw has adide valve for capacity control, located near the discharge side
of the rotors, which bypasses a portion of the trapped gas back to the suction side of
the compressor.

Figure 3-7 — Twin Screw

Centrifugal

Centrifugal compressors are dynamic compression devices (as opposed to positive
displacement) that on a continuous basis exchange angular momentum between a
rotating mechanical element and a steadily flowing fluid. Like centrifugal pumps,
centrifugal chillers have an impeller that rotates at high speed. The molecules of
refrigerant enter the rotating impeller in the axial direction and are discharged
radialy at a higher velocity. The dynamic pressure of the refrigerant obtained by the
higher velocity is converted to static pressure through a diffusion process that occurs
in the stationary discharge or diffuser portion of the compressor just outside the
impeller.
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A centrifugal compressor can be single stage (having only one impeller) or it can be
multistage (having two or more impellers). On a multistage centrifugal compressor,
the discharge gas from the first impeller is directed to the suction of the second
impeller, and so on for as many stages as there are. Like the rotary compressor,
multiple stage centrifugal s can incorporate economizers, which take flash gas from
theliquid line at intermediate pressures and feed thisinto the suction at various
stages of compression. The result isa significant increase in energy efficiency.

Like reciprocating compressors, centrifugal compressors can be either open or
hermetic. Open centrifugal compressors have the motors located outside the casings
with the shaft penetrating the casing through a seal. Hermetic centrifugal
compressors have the motor and compressor fully contained within the same
housing, with the motor in direct contact with the refrigerant. Because the discharge
pressure developed by the compressor is a function of the velocity of thetip of the
impeller, for agiven pressure, the faster impeller speed, the smaller the diameter
needs to be. Similarly, for a given pressure, the more stages of compression there
are, the smaller the impeller diameter needs to be. With these variables in mind,
some manufacturers have chosen to use gear drives to increase the speed of asmaller
impeller, while other manufacturers use direct drives with larger impellers and/or
multiple stages. There are pros and cons to both systems, but direct drive machines
have fewer moving parts, fewer bearings, and are generally simpler machines.

Figure 3-9 — Gear Drives

The capacity of centrifugal compressorsis controlled by three methods. The most
common isto useinlet guide vanes or prerotation vanes. The adjustable vanes are
located in the suction line at the eye of the impeller and swirl the entering refrigerant

3-8
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in the direction of rotation. This changes the volumetric flow characteristics of the
impeller, providing the basis for unloading.

Figure 3-10 — Inlet Guide Vanes

A second control method is to vary the speed of the impeller in conjunction with
using inlet guide vanes. Not unlike a variable-speed fan or pump, reducing the
impeller speed produces extremely good part-load energy characteristics. The
impeller must produce an adequate pressure differential (lift) to move the refrigerant
from the low-pressure side (evaporator) to the high-pressure side (condenser). It is
this lift that determines the minimum speed of the impeller. The lower the lift, that
is, the closer the temperature difference between the evaporator and condenser, the
slower the impeller can rotate. When the impeller is at the slowest possible speed,
further reductions in capacity are obtained by using the inlet guide vanes. With
variable-speed drives and aggressive water temperature reset schedules, centrifugal
compressors can produce the most energy efficient part-load performance of any
refrigerant compressor.

A third method of capacity control for the centrifugal chiller is hot gas bypass
(HGBP). Like other types of compressors, HGBP can be used to unload a machine to
zero load by directing the hot gas from the compressor discharge back into the
suction. There are no part-load energy savings with HGBP. It is used only as alast
resort when very low turndown is required and cycling the machine on/off would not
produce acceptabl e results.

One of the characteristics of the centrifugal compressor isthat it can “surge.” Surge
isacondition that occurs when the compressor is required to produce high lift at low
volumetric flow. Centrifugal compressors must be controlled to prevent surge and
thisisalimit on part-load performance. During a surge condition, the refrigerant
alternately moves backward and forward through the compressor, creating a great
deal of noise, vibration, and heat. Prolonged operation of the machinein surge
condition can lead to failure. Surgeisrelatively easy to detect in that the electrical
current to the compressor will alternately increase and decrease with the changing
refrigerant flow. Just before going into surge, the compressor may exhibit a property
called “incipient surge” in which the machine gurgles and churns. Thisis not
harmful to the compressor but may create unwanted vibration. The electrical current
does not vary during incipient surge.

Absorption

The absorption process, while appearing quite complex, isin reality the same
refrigeration process discussed previously except the compressor has been replaced
with an absorber, generator, pump and recuperative heat exchanger. The following
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description is based on lithium bromide/water, which is the most common process
among severa possibilities. In the absorption refrigeration cycle, the low-pressure
(high vacuum) refrigerant (water) in the evaporator migrates to the lower-pressure
absorber whereiit is “soaked up” by a solution of lithium-bromide. While mixed with
the lithium-bromide the vapor condenses and releases the heat of vaporization picked
up in the evaporator. This heat is transferred to condenser water and rejected out the
cooling tower. The lithium-bromide and refrigerant solution (weak solution) are
pumped to a heat exchanger (generator) where the refrigerant is boiled off and the
lithium-bromide (strong solution) returns to the evaporator. As the hot lithium-
bromide (strong solution) returns to the evaporator, a heat exchanger cools the liquid
with the cool mixture of lithium-bromide and refrigerant (weak solution). The
boiled-off refrigerant migrates to the cooler condenser where it is condensed back
into aliquid and returned to the evaporator to start the cycle again.

Absorption machines can be direct-fired or indirect-fired. The direct-fired absorber
has an integral combustion heat source that is used in the primary generator. An
indirect-fired absorber uses steam or hot water from a remote source.

Figure 3-11 — Absorption Refrigeration Cycle

A double-effect absorption processis similar to that described above except that a
generator, condenser, and heat exchanger are added. The refrigerant vapor from the
primary generator runs through a heat exchanger (secondary generator) before
entering the condenser. The secondary generator with the hot vapor on one side of
the heat exchanger boils some of the lithium-bromide and refrigerant solution (weak
solution), creating the double effect. The double-effect absorption processis
significantly more energy efficient than the single-effect absorption process.
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Figure 3-12 — Double-Effect Absorption

The lithium-bromide is a salt with a crystalline structure that is soluble in water. If
the saturation point of the solution is exceeded, the salt will precipitate out and form
a slush-like mixture that can plug pipes and make the machine inoperable.
Crystallization does not harm the equipment but is a nuisance. Usually air leakage or
improper (too cold) temperature settings cause crystallization. However,
crystallization is generally not a problem in modern equipment that uses
microprocessor-based controls. The microprocessor continuously monitors solution
concentration and automatically purges the system. Absorption machines are
controlled by modulating the firing rate of the direct-fired machine or modulating the
flow of steam or hot water in the indirect-fired machine. Variable-speed refrigerant
and solution pumps greatly enhance the controllability of the absorption machine.

Evaporators

Two types of evaporators are used in water chillers—the flooded shell and tube and
the direct expansion evaporators (DX). Both types are shell and tube heat
exchangers. Flooded shell and tube heat exchangers are typically used with large
screw and centrifugal chillers, while DX evaporators are usually used with positive
displacement chillers like the rotary and reciprocating machines. While water is the
most common fluid cooled in the evaporator, other fluids are also used. These
include a variety of antifreeze solutions, the most common of which are mixtures of
ethylene glycoal or propylene glycol and water. The use of antifreeze solutions
significantly affects the performance of the evaporator but may be needed for low
temperature applications. The fluid creates different heat transfer characteristics
within the tubes and has different pressure drop characteristics. Machine
performance is generally derated when using fluids other than water.

Flooded Shell and Tube

The flooded shell and tube heat exchanger has the cooled fluid (usually water) inside
the tubes and the refrigerant on the shell side (outside the tubes). The liquid
refrigerant is uniformly distributed along the bottom of the heat exchanger over the
full length. The tubes are partially submerged in the liquid. Eliminators are used as a
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means to assure uniform distribution of vapor along the entire tube length and to
prevent the violently boiling liquid refrigerant from entering the suction line. The
eliminators are made from parallel plates bent into Z shape, wire mesh screens, or
both plates and screens. A float valve or fixed orifice maintains the level of the
refrigerant. The tubes for the heat exchanger are usually both internally and
externally enhanced (ribbed) to improve heat transfer effectiveness.

Water velocities in the tubes should not exceed approximately 10 feet per second to
prevent erosion and should not be below 3 feet per second to prevent laminar flow.
Lower velacities may be acceptable depending on the Reynolds number (turbulent
flow). Typically, water pressure drops for evaporatorsin the HVAC industry do not
exceed 25 to 30 feet of water column (11 to 13 psi). Flooded shell and tube heat
exchangers are available with numerous passes. The greater the number of passes,
the lower are the minimum flow reguirements. One convenient accessory with the
shell and tube heat exchanger is the addition of marine water boxes. These allow the
mechanical cleaning of the tubes without disassembling the connecting piping.

Figure 3-13 — Flooded Shell and Tube Heat Exchanger

Direct Expansion

The direct expansion (DX) evaporator has the refrigerant inside the tubes and the
cooled fluid (usually water) on the shell side (outside the tubes). Larger DX
evaporators have two separate refrigeration circuits that help return oil to the positive
displacement compressors during part-load. DX coolers have internally enhanced
(ribbed) tubes to improve heat transfer effectiveness. The tubes are supported on a
series of polypropylene internal baffles, which are used to direct the water flow in an
up-and-down motion from one end of the tubes to the other. Water velocities do not
exceed approximately 1% to 2Y> feet per second due torpssure drop considerations.
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Figure 3-15 — Polypropylene Internal Baffles

There are a number of different kinds of condensers manufactured for the packaged
water chiller. These include water-cooled, air-cooled, and evaporative-cooled
condensers. (Air-cooled and evaporative condensers will be discussed later in this
chapter with cooling towers and heat rejection devices.) Numerous types of water-
cooled condensers are available including shell and tube, double pipe, and shell and
coil. This discussion focuses on the condenser most commonly used on packaged
water chillers—the shell and tube heat exchanger.

A horizontal shell and tube condenser has straight tubes through which water is
circulated while the refrigerant surrounds the tubes on the outside. Hot gas from the
compressor enters the condenser at the top where it strikes a baffle. The baffle
distributes the hot gas along the entire length of the condenser. The refrigerant
condenses on the surface of the tubes and falls to the bottom where it is collected and
directed back to the evaporator. The bottom tubes are usually the first pass (coldest)
of the condenser water and are used to subcool the refrigerant. Often the condenser is
used as the refrigerant receiver where it is stored when not in use.

The tubes can be enhanced (ribbed) on both the inside and outside. However, since
the condenser water often comes from an open cooling tower, the inside of the
condenser tubes may become fouled and require mechanical cleaning. Inside
enhancement—usually with straight or spiral grooves—may be problematic because
the grooves will be the first areas to become fouled. Research indicates that fouling
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becomes a problem when concentrations of dissolved solids increase greatly above
recommendations and when tube velocities drop below 3 feet per second. Even
considering decreased performance of the enhanced condenser tube due to fouling,
the heat exchange effectiveness with the enhanced tube may still be greater than a
smooth bore tube.

Hol ‘Water fram
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Water Tubes
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Water in
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Receiver or Expansion Valve

Figure 3-16 — Horizontal Shell and Tube Condenser

High water velocity is recommended in the condenser tubes as it increases the heat
transfer effectiveness and reduces fouling. Water velocities of at least 3 feet per
second and a maximum of 12 feet per second are recommended. A minimum flow is
needed to maintain flows above the laminar range and the maximum flow protects
the tubes from erosion and keeps pressure drops to a minimum. In the HVAC
industry, water pressure drops through the condenser are seldom over 25 to 30 feet
of water column.

Water-cooled condensers are usually multiple pass, with 4 pass being most common
but up to 8 pass available. On positive displacement compressorsit is not uncommon
for the condenser to be split into two circuits. The condenser waterside can be split
into two separate tube bundles to accommodate a heat recovery mode or to add a
level of redundancy in the event the tubes need cleaning while the machineis till
operational.

Safety Controls, Accessories, and Options

Safety Controls

Safety controls protect the unit under abnormal conditions. Safety controls usually
trip out the compressor motor and will require manual reset. Typical safety controls
include:

= High Refrigerant Pressure — Cutouts, Relief Valves

= | ow Pressure— Suction Gas, Lubrication

= High Temperature — Motors, Refrigerant, Lubrication
= Low Refrigerant Temperature

= TimeDeay

* Low Voltage/Phase L oss/Phase Reversal

= High Current

= Chilled and Condenser Proof of Flow
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Purge Units

Centrifugal chillers that use low-pressure refrigerant, such as R-11 and R-123,
operate below atmospheric pressure. When they leak, air and moisture are drawn into
the machine. Purge units remove the non-condensables that collect in the condenser
during normal operation and ultimately reduce the heat transfer effectiveness,
causing greater refrigerant head pressures. Moisture inside the unit causes the
formation of acids that break down the oil and increase interna corrosion. Purge
units consist of compressors, motors, separators, and condensers that can be
automatic or manual. Automatic purge units are preferred because they maintain the
highest chiller efficiencies possible. Purge units that reduce refrigerant losses during
operation should always be used. Discharge from purge units must be piped

outdoors.
Purge Fregsure - Gonnectien G
Gaupe » _'1
Solanoid Valve -._
N -
Solencid valwe i Walwe Ma
te Purge Pump F
Suclion - Watar Sight
Glass
I'.i{.lnlleli.lil.lu A fieirigarant
{ Level Sight
Strainer- ) Purge Fumg Pk
Drifice ¥ falve No 3 .
Asse-mbl-.r'-‘-
l o ]
s ]
Il‘ | |
f\-
L]
Solenoid Purge Pump Purge Operating
valve Mo 2 Bariich okt o8 ik 1]
Figure 3-17 — Purge Units
Oil Coolers

L ubricants must be cooled, especially those used with screw machines. A small heat
exchanger is provided for this purpose. The heat can be rejected through a city water
connection or achilled water connection, or may be air cooled or internally cooled
by the refrigerant.

Pump-out Unit

A refrigerant transfer unit may be provided to make it easier to service machines.
The pump-out unit consists of a storage tank to hold the refrigerant charge, a small
compressor, an air- or water-cooled condenser, a lubricant reservoir and separator,
valves and interconnecting piping. Sometimes the refrigerant can be pumped into the
condenser and valved-off, which is sufficient for most maintenance procedures.
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Figure 3-18 — Pump-Out Unit

Free Cooling

Centrifugal chillers can be provided with afree cooling option. If the machine must
operate during cold weather, and the condenser water can be made colder than the
chilled water, the chiller can operate as a thermal siphon. During this operation, low
temperature condenser water condenses the refrigerant, which either drains by
gravity or is pumped back into the evaporator. Since the chilled water temperature is
higher than the condenser temperature, the refrigerant will evaporate and migrate
back to the condenser. Free cooling can produce up to 40% of the capacity of the
machine depending on the temperatures involved.
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Figure 3-19 — Free Cooling in Centrifugal Chillers

Heat Recovery

Water chillers can be used to heat buildings, domestic hot water, or awide variety of
low temperature heating applications. To achieve heat recovery, the condenser is
typically split into two separate tube bundles, or two separate condensers called a
double bundle condenser, with the heating water piped to one side and the cooling
tower water piped to the other side. Heat isfirst rejected to the heating bundle and
when the heating requirement decreases, the extra heat is rejected out the cooling
tower. A successful control strategy, called a“load shed economizer,” provides an
intermediate step before the heat is rejected to the cooling tower. This step increases
the outdoor air to various cooling coils throughout the system, thereby decreasing the
cooling load on the machine. Only when the cooling load is decreased as much as
possibleisthe heat rejected to the cooling tower.

Demand Limiter

A demand limiter or current limiter reduces compressor capacity during periods of
high power consumption (like start-up), thus helping prevent high utility demand
charges. Some chiller control strategies use the demand limiter to control the staging
of the chillers.
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Automatic Tube Cleaners

Automatic tube cleaners send wire brushes through the condenser tubes to keep
fouling to a minimum. These devices help keep the chiller operating at peak
efficiency and are most appropriate where water quality is a problem.

Performance Characteristics and Efficiency Ratings

Performance Issues

There are a number of variables that determine the operational characteristics and

energy performance of water chillers. A chiller is selected to meet a specific

maximum capacity requirement at certain design conditions; to meet this capacity at

specific (maximum) power draw; and to have specific part-load operation

characteristics. To design chillers that meet the performance specifications,

manufacturers of packaged water chillers must consider a very wide range of

variables. These variables include:

=  Compressor Design

= |Internal Refrigerant Pressure Drops

» Heat Gains— Motors, Oil Pumps, Casings

* Over/Under Compression

= Motor Efficiency

= Useof Refrigerant Economizers

» Surface Areaof Evaporators/Condensers

=  Tube Heat Transfer Coefficients — Fouling, Tube Enhancement, Velocity of
Fluids

» Refrigerant

Each design decision has first-cost implications. Because of this complexity,
products on the market have awide variety of performance characteristics. The
following discussion and comparison chart lay out the broad performance and
efficiency issues and provide information that will help in selecting the appropriate
equipment for the job.

Table 3-2 — Water Cooled Chiller Comparison Chart

Chiller Type Capacity @ First Cost @ cop IPLV

Range (tons) Range ($/ton) Range Range (COP)

Range (tons) Range ($/ton) Range Range (COP)
Reciprocating 50-230 (400) $200 - $250 42-55 46-58
Screw 70 - 400 (1250) $225 - $275 49-58 54-6.1
Centrifugal 200 - 2000 (10,000) $180 - $300 58-71 6.5-79
Single-Effect Absorption 100 —-1700 $300 - $450 0.60-0.70 0.63-0.77
Double-Effect Absorption 100 —-1700 $300 - $550 0.92-1.20 1.04-1.30
Engine Driven 100 - 3000 (10,000) $450 - $600 15-19 18-23

(1) Capacities in parentheses are maximum sizes available

(2) First cost includes allowance for contractor mark-ups
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Chiller Efficiency Ratings

At peak design conditions the efficiency of water chillersis rated by “coefficient of
performance” or COP. The COP istheratio of the rate of heat removal to the rate of
energy input in consistent units for a complete refrigerating system or some specific
portion of that system under designated operating conditions. The formulafor COP
is:
Eq 3-1
_ Net Useful Refrigerating Effect
Energy Supplied from External Sources

The higher the number, the more energy efficient the machine. ASHRAE Standard
90.1-1999 provides minimum energy efficiency standards for water chillers. Chiller
efficiencies are also discussed in terms of “kW/ton” for peak ratings. Thisisanother
way of describing the COP [COP = 3.516/(kW/ton)]. The lower the kW/ton, the
more energy efficient the machine. Standard chiller ratings are based on “ARI
conditions,” which set standard parameters for the rating capacity of different
machines. These parameters are established in American Refrigeration Institute
(ARI) Standards 550, 560 and 590. For water chillersthe ARI conditions are:

Table 3-3 — ARI Conditions for Water Chillers

Leaving Chilled Water Temperature 44°F

Evaporator Water Flow Rate 2.4 gpm/ton

Entering Condenser Water Temperature 85°F

Condenser Water Flow Rate (Electric) 3.0 gpm/ton

Condenser Water Flow Rate (Absorber) 3.6t0 4.5 gpm/ton

Ambient Air (for air-cooled) 95°F

Fouling Factor 0.00010 h*ft>* F/Btu (Evaporator)

0.00025 h*ft>* F/Btu (Condenser)

Another useful energy efficiency rating is the “integrated part-load value” or IPLV.
The IPLV isasingle-number figure of merit based on part-load COP or kW/ton.
Part-load efficiency for equipment is based on the weighted operation at various load
capacities for the equipment. The equipment COP is derived for 100%, 75%, 50%,
and 25% loads (with consideration for condenser water relief) and is based on a
weighted number of operational hours (assumed) at each condition. A “weighted
average” is determined to express a single part-load efficiency number. Condenser
water relief assumes that the temperature of the water entering the condenser
declines as a straight line from 85°F at 100% load to 65°F at 50% load and below.
This represents a 4°F decline for a 10% change in load.

The “nonstandard part-load value” or NPLV is another useful energy efficiency
rating. Thisis used to customize the IPLV when some valuein the IPLV calculation
is changed, such as using 42°F leaving chilled water in lieu of 44°F, or modifying the
number of hours at each load.

While IPLV and NPLV are useful energy performance indicators for individual
chillers, recent ARI data shows that 80% of all chillers areinstalled in multiple
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chiller plants. Individual chillers operating in amultiple chiller plant may be more
heavily loaded than single chillers within single chiller systems. When evaluating a
multiple chiller plant, a comprehensive analysis must be used to predict the chilled
water system performance.

Reciprocating Chillers

These chillers are widely used in tonnage ranges from 50 to 230 tons although they
are available up to 400 tons maximum. Water-cooled machines typically are selected
at COP of 4.2, while air-cooled machines are selected at a COP of 2.8 or higher.
Typicaly, these chillers use R-22 but have al so been designed to use R-34aand R-17
(ammonia). They are available as open-drive machines (ammonia must be open), but
most frequently the design is semi-hermetic. Larger machines have multiple
compressors that are grouped (piped in paralel) in several circuits. This creates some
redundancy should a compressor fail. As positive displacement machines, they retain
near full cooling capacity even when operated at conditions above the design
conditions, and they are very suitable for air-cooled applications. For the same
reason, they are also suitable for use as heat recovery machines. Control is achieved
by stepping unloaders and cycling compressors on/off, which creates a choppy part-
load performance curve. Reciprocating chillers tend to be low first-cost machines.

Single- and Twin-Screw Rotary Chillers

Both single- and twin-screw chillers are positive displacement machines. Typically,
the refrigerants used include R-22, R-134a, R-410a, and R-717 (ammonia on open
machines only). The sizes available range from 30 tons to 1250 tons but the most
common sizes are from 70 to 400 tons. They are particularly suitable as air-cooled
chillers. Water-cooled machines are selected for COP range of 4.9t0 6.0 (0.72 to
0.58 kW/ton), while air-cooled machines are selected for a COP range of 2.8 and
above.

There is no practical design advantage of single versus twin screw except the single
screw may be dlightly quieter. The machines have excellent turndown capability.
Some chillersincorporate two compressors. This provides additional efficiency
advantages during part-load and allows unloading below 10%. Screw chillers are
inherently more efficient than reciprocating because they incorporate refrigerant
economizers (discussed above). They have very few moving parts, and have
balanced forces on the main bearings. As aresult these machines are very reliable.
Screw machines are controlled with a slide valve and are fully modulating. Screw
machines are very cost effective in the ranges cited above.

Centrifugal Chillers

Centrifugal chillers have the highest full-load efficiency ratings of al the chillers
discussed. They are available in sizes from 80 tons to 10,000 tons but the most
common sizes are from 200 to 2000 tons. Centrifugal chillers use high-pressure
refrigerants R-22 and R-134a and low-pressure refrigerant R-123. They are available
in both air-cooled and water-cooled versions but because of very low COPs and very
high initial cost, air-cooled centrifugal chillers are very seldom used. Water-cooled
centrifugal chillers have COPs that range from 5.5 to 7.1 (0.64 to 0.49 kW/ton). Most
chillers available in 1999 have COPs in the range of 5.8 to 6.4 (0.60 to 0.55 kW/ton),
but the efficiency levels are improving each year.
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Centrifugal chillers are usually controlled with inlet guide vanes which allow for full
modulation to as low as 10% to 15% capacity (with condenser water relief). Note
that chiller efficiency drops off severely at low loads. Variable-speed drives can be
added, as discussed above, to enhance the part-load operation characteristics but
because of the high cost of the drives, the value of this option must be carefully
evaluated. HGBP can also be used but should only be considered if very low
turndowns (at elevated condenser temperatures) are required. Centrifugal chillers are
the flagship products of the major manufacturers and, as such, are generally of the
highest quality and reliability.

Because of the economics of centrifugal chiller manufacturing, there are product
differences among al the major manufacturers. There are countless pros and cons to
the various features of these products; the following discussion presents some of the
main differences:

Gear Drive versus Direct Drive. Direct-drive chillers operate at 3600 rpm. Gears
allow the impeller to rotate at speeds up to 35,000 rpm. This alows smaller impellers
to be used, reducing the machine’ sfirst cost. Thereis an efficiency lossin the gear
train of 1.5% to 2%. Also the gears have additional bearings and require regular
maintenance, which direct drive machines do not.

The proper selection of impeller diameter and gear ratio allows the machines to be
selected very near their highest performance level or sweet spot, whereas the direct-
drive machines, because of limited impeller diameter choices, sometimes are
selected several efficiency points away from their sweet spot. Direct-drive machines
sometimes have multiple stages (more than one impeller). In this situation,
economizers can be added to enhance the energy performance of the machine.

Head

Flenay

Figure 3-20 — Performance Level

Open Drive versus Hermetic. Hermetic centrifugal chillers have the motor totally
enclosed within the chiller casing. The motors are kept clean and are cooled by the
refrigerant stream. Hermetic machines have alower likelihood of refrigerant leakage
than open machines. Motor failuresin hermetic machines are almost always
catastrophic, requiring long downtime periods and great expense to correct.
Open-drive machines have the motor located outside the casing. Efficiency ratings

do not include motor losses (4% to 5% on larger machines). The heat from the open-
drive motor must be removed from the machine room, which usually requires
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additional mechanical cooling. In the event of a catastrophic motor failure, the open-
drive machine can be repaired and placed back in service relatively easily, whereas
the hermetic machine will require significantly more attention. Luckily this does not
happen often.

Open-drive machines have seals that leak and are subject to failure. On high-pressure
machines refrigerant can leak out with dire consequences and on low-pressure
machines air can leak in, causing more purge compressor time and loss of efficiency.
If ahigh-pressure open machine is purchased, it isimportant to obtain a specia
warranty for refrigerant replacement (not just parts and labor).

Fixed Orifice versus Float Valve. When afixed orifice is used as the thermal
expansion device, aminimum differential pressure must be held between the
condenser and evaporator to assure proper refrigerant flow. This may limit the
degree of condenser water relief that can be obtained during off-peak time, with the
consequence that the machine will not have as good a part-load performance as a
machine with afloat valve.

Absorption Chillers

Absorption chillers can be either single or double effect. Single-effect chillers have
COPs of 0.60 to 0.70 and double-effect chillers have COPs of 0.92 to 1.20. Because
the doubl e-effect machines are 50% to 100% more efficient than the single-effect
chillers, thereislittle doubt about which to choose if absorption is being considered.
Single-effect chillers are beneficial where waste steam is available or where hot
water temperatures are not high enough to fuel a double-effect absorption chiller.
Triple-and quadrupl e-effect machines are being developed but are not yet on the
market.

Absorption machines are quite simple, and require just afew moving parts, including
pumps and burner. Modulating the steam valve or burner controls capacity, and part-
load characteristics are very linear over the range of operation to a minimum of
about 40% of peak capacity. Variable-speed refrigerant and solution pumps allow
much closer control than previous designs.

Absorption machines can be direct- or indirect-fired. Direct-fired machines have the
advantage that they can also be used to heat the building and/or domestic hot water.
If adirect-fired absorption machine is also used as a heater, the avoided cost of a
separate boiler and boiler room (space) may help offset some of the added cost of the
machine.

Sizes for absorption chillers range from 100 to 1700 tons. Absorption machines
typically cost two or more times that of an electric-driven chiller. Because a double-
effect absorption machine will require 3.5 to 4.5 gpm/ton of condenser water,
cooling towers are larger than with an electric chiller plant.

Sometimes the economics of using this type of chiller make it the best choice. The
following are reasons an absorption chiller may be chosen:

= Higheectrical cost including demand, with low natural gas cost

= Hybrid of absorption and electric chillers to reduce demand charge
= Electrical service not available or too costly to upgrade

= Gasfrom landfill, solar, or biomass available

=  Waste steam or low cost steam readily available
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= Need for chiller during prolonged periods on emergency power
= No CFCs, no ODP, and low direct GWP comparable with other aternatives

Engine-Driven Chillers

While not a large segment of the chiller market, engine-driven chillers are sometimes
economically viable. The engine-driven chiller uses the same vapor compression
cycle as an electric machine except it uses a reciprocating engine, or agas- or steam-
driven turbine as the prime mover. For larger applications, the refrigeration
component is usually an open-screw or centrifugal chiller. A range of refrigerants
may be used, including R-22, R-123, R-134a, and R-717. COPs for engine-driven
machines are somewhat higher than for absorption machines and run from 1.5to 1.9.
Because they use variable-speed technology, the part-load characteristics are very
good, with IPLVsup to COP 2.2.

Engines use natural gas or diesel fuel. Some are hybrid units that have both an
engine and an electric motor so that the fuel may be switched depending on the
utility rates at the time. Engines require heat rejection from the jacket water. Heat
can be rejected out the cooling tower (through a heat exchanger) or, with smaller
units can be air-cooled. The jacket water heat is available for heat recovery of
domestic water or other loads occurring at the same time as the engine runs.

Engines need additional maintenance, with top end overhauls required every 12,000
hours and complete overhauls at 35,000 hours. Reciprocating engines are much
louder than electric-driven or absorption machines and may require special
enclosures or acoustical abatement. Natural gas and steam turbines are avery small
part of the market and are used in very large plants (up to 10,000 tons).

One of the prime purposes of the chilled water plant is to reject unwanted heat to the
outdoors. Thisis accomplished in a number of different ways. Utility supplied water
can remove heat from the condenser and dispose of it down the drain. This method
haslost all favor since the cost of the water and disposal has become prohibitive, and
the need to conserve resources has been recognized. Ground water has been used in a
similar manner. Coupled with precooling coilsin the airstream and reintroduction
wells, ground water has been successfully but only very rarely used. Environmental
concerns have limited the use of rivers and lakes as a heat rejection source but
cooling ponds are still sometimes used. Given the high cost and poorly understood
performance of cooling pond heat rejection, this alternative is not discussed in this
guide. The primary means of heat rejection in the HYAC industry are the cooling
tower, the air-cooled refrigerant condenser, and the evaporative refrigerant
condenser.

Simply put, evaporation is a cooling process. More specifically, the conversion of
liquid water to a gaseous phase requires the latent heat of vaporization. Cooling
towers use the internal heat from water to vaporize the water in an adiabatic
saturation process. A cooling tower’ s purpose is to expose as much water surface
areato air as possible to promote the evaporation of the water. In a cooling tower,
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approximately 1% of the total flow is evaporated for each 12.5°F temperature
change. There are several important terms used in the discussion of cooling towers:

» Range: The temperature difference between the water entering the cooling tower
and the temperature leaving the tower.

= Approach: The temperature difference between the water leaving the cooling
tower and the ambient wet-bulb temperature.

The performance of a cooling tower is afunction of the ambient wet-bulb
temperature, entering water temperature, air flow and water flow. The dry-bulb
temperature has an insignificant effect on the performance of a cooling tower.
“Nominal” cooling tower tons are the capacity based on a 3 gpm flow, 95°F entering
water temperature, 85°F leaving water temperature, and 78°F entering wet-bulb
temperature. For these conditions the range is 10°F (95-85) and the approach is 7°F
(85-78).

Types of Cooling Towers

Cooling towers comein avariety of shapes and configurations. A “direct” tower is
one in which the fluid being cooled isin direct contact with the air. Thisis also
known as an “open” tower. An “indirect” tower isone in which the fluid being
cooled is contained within a heat exchanger or coil and the evaporating water
cascades over the outside of the tubes. Thisis also known as a*“closed circuit fluid
cooler.”

The tower airflow can be driven by afan (mechanical draft) or can be induced by a
high-pressure water spray. The mechanical draft units can blow the air through the
tower (forced draft) or can pull the air through the tower (induced draft). The water
invariably flows vertically from the top down, but the air can be moved horizontally
through the water (crossflow) or can be drawn vertically upward against the flow
(counterflow).

Water surface areaisincreased by using “fill.” Fill can be “splash-type” or “film-
type.” Film-typefill is most commonly used and consists of closely spaced sheets of
PV C arranged vertically. Splash-type fill uses barsto break up the water as it
cascades through staggered rows.

Typicaly, in the HVAC industry, cooling towers are “ packaged” towers that are
factory fabricated and shipped intact to a site. “Field-erected” towers mostly serve
very large chiller plants and industrial/utility projects. When aesthetics play arolein
the selection of the type of tower, custom designed field-erected cooling towers are
sometimes used. In these towers, the splash-type fill is often made of ceramic or
concrete blocks.

The following is adiscussion of the most common types of cooling towers
encountered in the HVAC chilled water plant.

Soray Towers. Spray towers distribute high-pressure water through nozzlesinto a
chamber where air isinduced to flow with the water spray. There are no fans. The air
exits out the side of the tower after going through mist eliminators. Spray towers are
seldom used. One problem is that the nozzles are easily plugged by the precipitation
of mineral deposits and by airborne particul ates that foul the water. Capacity is
controlled by varying the water flow through the tower. This can be accomplished by
using multiple-speed pumps or variable-speed drives on the pumps, or by passing
water around the tower. Varying the water flow through the condenser of a chiller is
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not always recommended, as will be discussed in the next chapter. Because air
velocities are very low, spray towers are susceptible to adverse effects from the
wind. Spray towers are very quiet and can have avery low first cost.

Figure 3-21 — Spray Tower
Forced Draft Cooling Towers. Forced draft towers can be of the crossflow or
counterflow type, with axial or centrifugal fans. The forward curved centrifugal fan
iscommonly used in forced draft cooling towers. The primary advantage of the
centrifugal fan isthat it has capability to overcome high static pressures that might
be encountered if the tower were located within a building or if sound traps were
located on the inlet and/or outlet of the tower. Crossflow towers with centrifugal fans
are also used where low profile towers are needed. These towers are relatively
guieter than other types of towers. Forced draft towers with centrifugal fans are not
energy efficient. The energy to operate this tower is more than twice that required for
atower with an axial fan. Another disadvantage of the forced draft tower isthat,
because of low discharge air velocities, they are more susceptible to recirculation
than an induced draft tower. Thisis discussed in further detail below.
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Figure 3-22 — Forced Draft Towers

Induced Draft Cooling Towers. Theinduced draft tower is by far the most widely
used and energy-efficient cooling tower available in the HVAC industry. These
towers can be crossflow or counterflow and use axial fans. Most field-erected
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cooling towers are the induced draft type. Because the air discharges at a high
velocity, they are not as susceptible to recirculation. The large blades of the axial fan
can create noise at low frequencies that is difficult to attenuate and, depending on the
location on the property, could cause problems. The axial fans have either a belt
drive or direct (shaft) drive. Direct drive fans use gear reducers to maintain the low
speeds of the fan. Belt drive towers have the disadvantage that the motor and belts
are located within the moist air stream of the tower exhaust, making them more
susceptible to corrosion and fouling and more difficult to maintain. Belt drive towers
usually cost less than towers with direct drives. Belt drive towers allow the use of
“pony” motors as a means of speed control. Thiswill be discussed further below.
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Figure 3-23 — Induced Draft Towers

Closed Circuit Fluid Coolers. As discussed above, one advantage of a closed
circuit fluid cooler isthat the fluid is located within a coil (rows of tubes) rather than
being open to the environment. A pump draws water from a sump and deliversit to a
header where the water is sprayed over the coil. The closed piping can be
advantageousiif the fluid:

» hasahigh pressure (for instance if the tower islocated below the condenser);
» ismixed with fluids from other systems (like the chilled water); or
» hasthe primary pump located remotely from the tower.

With proper initial chemical treatment, the fluid (usually some form of glycol
solution) does not foul the condenser tubes, so chiller maintenance is reduced and
energy efficiency isaways at peak. Because of the additional heat exchange process,
for the same capacity as an open tower, the closed circuit fluid cooler is physically
much larger and significantly more expensive than conventional open towers.

Application Issues

Sting and Recirculation. When the saturated air leaving the cooling tower is drawn
back into the intake of the tower, the recirculation that occurs degrades the
performance of the tower. Wind forces create alow-pressure zone on the downwind
(lee) side of the tower that causes this phenomenon. Wind forces on the lee side of
the building can also create downward air movement. When cooling towers are
located in such away that the discharge from one tower is directed into the intake of
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an adjacent tower, recirculation can also occur. Recirculation is a greater problem
when cooling towers are confined within pits, or have screen walls surrounding
them. If the tower issited in apit or well, it is essential that the tower manufacturer
be consulted to determine the proper location of the outlet and minimum clearances
for the air intake. As previously discussed the potential for recirculation is greater
with forced draft towers than with induced draft towers.

The Cooling Tower Institute (CTI) recommends that recirculation effects be
accounted for in the selection of the tower. Their tests show that as much as 8% of
the discharge air could be recirculated back into the intake and that the worst
conditions occur with winds of 8 to 10 miles per hour. Where recirculationisa
concern, arule of thumb is that the entering wet-bulb (EWB) temperature used to
select the tower should be increased by 1°F above the ambient temperature to
account for recirculation effects.

Capacity Control. Like most air-conditioning equipment, cooling towers are selected
to maximum peak capacity at design weather conditions. Of course, most of the time
they operate at less than peak capacity. There are a number of methods used to
control the temperature of the water leaving the cooling tower, including:

= On/Off: Cycling fansis a viable method but leads to increased wear on belts and
drives (if used) and can lead to premature motor failure. Thisisthe least
favorable method of controlling temperature.

=  Two-Speed Motors: Multiple wound motors or reduced voltage starters can be
used to change the speed of the fan for capacity control. This method is cost
effective and well proven. Because of basic fan laws, there are significant energy
savings when the fans are run at low speed. One pitfall with two-speed fansis
that when switching from high to low speed, the fan rpm must reduce to below
low speed before energizing the low-speed step. Strategies for optimum
operation of two speed fanswill be discussed in the next chapter.

= Pony Mators: Thisis another version of the two-speed approach. A second,
smaller motor is belted to the fan shaft. For low-speed operation the larger motor
is de-energized and the smaller motor energized for alower speed. Thisis a cost-
effective and energy efficient approach. Again, when going from high speed to
low speed, the fan must slow down sufficiently before energizing the low-speed
motor.

» Variable-Speed Drive (VSD): Adjustable frequency drives can be added to the
motors for speed control. This method provides the best temperature control
performance and is the most energy-efficient method of control. It may also be
the most expensive. A life-cycle cost justification should be done before
selecting this method. When comparing V SDs with other approaches, the cost of
control points for each alternative should be carefully factored into the analysis.
One pitfall to avoid with VSDsis to not run the fans at the “critical” speeds.
These are speeds that form resonance frequency vibrations and can severely
damage the fans. Consult with cooling tower manufacturers before using VSDs.

» Modulating Discharge Dampers: Used exclusively with centrifugal fans,
discharge dampers built into the fan scroll can be modulated for capacity control.
Thisis a cost-effective way to accomplish close temperature control. Although it
does save energy by “riding the fan curve,” other methods of capacity control
may provide better energy savings results.
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Chemical Treatment and Cleaning. Cooling towers are notorious for requiring high
maintenance. The use of cooling towers has been linked with the outbreak of
legionellosis (Legionnaires disease). Unfortunately, cooling towers are very good
air scrubbers. A 200-ton open cooling tower can remove 600 pounds of particulate
matter in 100 hours of operation. Because they are open to the atmosphere, the
water is oxygen-saturated which can cause corrosion in the tower and associated
piping. Towers evaporate water, leaving behind calcium carbonate (hardness) that
can precipitate out on the tubes of the condensers and decrease heat transfer and
energy efficiency.
Towers must be cleaned and inspected regularly. Well-maintained and regularly
cleaned cooling towers have generally not been associated with outbreaks of
legionellosis. It is best to contract with a cooling tower chemical treatment specialist.
The following are some of the strategies to consider in agood chemical treatment
program:
= Blowdown: To control dissolved solids a portion of the flow of the tower should
be discharged into the sewer. A rule of thumb is that for a build-up of no more
than 2 to 4 concentrations of hardness, the blowdown rate should be about 0.5 to
1.0% of thetotal flow rate.

= Scale Prevention: Control of the pH (acid levels) is extremely important. Usually
acids, inorganic phosphates or similar compounds are commonly used to control
pH.

= Corrosion Control: Corrosion can be caused by high oxygen content, carbon
dioxide (carbonic acid), low pH, or high dissolved solids. Blowdown is the most
practical solution.

» Biologica growth: Slime and algae are handled with shock treatments of
chlorine or chlorine compounds. It is best to alternate between two different
compounds so that organisms do not develop atolerance to the chemicals.

* Foam and Scum: Usually caused from excess organic material. Cleaning the
machine is the best remedy.

New technologies are being introduced for the treatment and cleaning of cooling
towers. One treatment is the introduction of ozone (Os) into the cooling water.
Ozoneisavery aggressive oxidizer and when properly applied can be effective at
reducing biological growth. One pitfall in the use of ozoneisthat if left unchecked,
large concentrations of ozone will cause runaway corrosion of piping and cooling
tower basins. Another method employed is the use of a non-chemical water
treatment. This method combines ionization and electromagnetism to remove
dissolved solids and inhibit biological growth.

Performance of Cooling Towers

Given afan selection, flow rate, range, entering wet bulb, and fill volume, cooling
towers have awide range of performance characteristics. Typical performance
curves show the relationship between these variables at different operating
conditions. In reviewing the typical performance curve, one feature not well
understood isthat for a given range, as the entering wet bulb (EWB) decreases, the
approach increases. As EWB drops, it islikely that the load (range) will also
decrease for the same flow rate. Y et even at this condition, the approach till
increases over design condition. Thisis particularly important when considering the
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selection of cooling towers for use with waterside economizers. To obtain the
maximum effectiveness at low wet-bulb temperatures, a cooling tower used in a
waterside economizer system should be larger than atower selected just for
maximum peak duty.
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Figure 3-24 — Typical Performance Curves

Cooling towers are relatively inexpensive when compared to the total cost of a
chiller plant and incremental increases in tower size and energy efficiency can be
purchased at avery low cost. Skimping on the cooling tower is penny-wise and
pound-foolish. Every effort should be made to optimize the selection of the tower.
Matching larger fill volumeswith lower fan capacitiesis avery good investment.

For agiven design of a cooling tower the manufacturer will normally attribute a
maximum and minimum flow condition to the tower. The maximum flow is usually
based on the capacity of the water distribution system within the tower to adequately
distribute the water over thefill. Too much flow will overflow the tower distribution
pans and create a situation where the tower does not get adequate mixing of air and
water to perform properly. At minimum flow the water may not distribute evenly
across the entire fill. This creates voids where there is no water in the fill. When this
happens the air stream will tend to travel through the fill areawith no water and will
not mix properly with the fill areathat has the water. This creates a significant
decrease in the expected performance of the tower. Another drawback to operating
under the minimum flow isthat at the boundary where the water and high velocity
air meet, a condition is created where the water is carried up through the fans and the
tower “spits’ water. Prolonged operation below the minimum water flow can also
cause scaling to occur on the fill where the water is missing.

ASHRAE Standard 90.1-1999 contains new provisions that establish energy
performance requirements for heat rejection devices. Currently, the proposed
standard is requiring >38.2 gpm/hp for axial fan towers and >20.0 gpm/hp for
centrifugal fan towers.
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Cooling Tower Accessories and Options

Thefollowing isalist of accessories and options that should be considered when
purchasing a cooling tower:

= Filters: Side stream filtersinclude either sand filters or centrifugal separators. Do
not use swimming pool sand filtersfor cooling towers. Side stream filters
generally circulate about 10% of the system flow.

» Fan breaks or stops: These are devices that prevent the fan from rotating
backwards. Consider these optionsif multiple cells are used and backflow air
flow through a down fan may cause it to rotate in reverse. Starting areverse-
rotating fan can damage the motor. As conditions for reverse rotation seldom
occur, these options are rarely applied.

= Vibration Switch: This stopsthe fan if vibration exceeds a certain limit. It could
prevent catastrophic failure of fan. Codes in some areas require the installation
of avibration switch.

» Laddersand Access Platforms. Any area where maintenance personnel need to
inspect, repair, or replace equipment should have adequate access. Without easy
access, towers may not be maintained to the degree that protects the chiller plant
investment.

= Vortex Breaking Inlet Screens: These prevent air from being drawn into the
pump suction. Thisis an essential accessory.

Air-Cooled Refrigerant Condensers

Types

Another method of heat rejection commonly used in chiller plantsis the air-cooled
refrigerant condenser. This can be coupled with the compressor and evaporator in a
packaged air-cooled chiller or can be located remotely. Remote air-cooled
condensers are usually located outdoors and have propeller fans and finned
refrigerant coils housed in a weatherproof casing. Some remote air-cooled
condensers have centrifugal fans and finned refrigerant coils and are installed
indoors in what amounts to an air-handling unit. Indoor condensers are only used on
small chillers and will not be discussed further here. Air-cooled condensers, whether
remote or packaged within an air-cooled chiller, normally operate with atemperature
difference between the refrigerant and the ambient air of 10 to 30°F with fan power
consumption of lessthan 0.08 hp/ton (> 69 COP). Maximum size for remote air-
cooled refrigerant condensers is about 500 tons, with 250-ton maximum being more
common. Air-cooled chillers are available up to 400 tons.
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Figure 3-26 — Remote Air-Cooled Condenser
There are a number of reasons air-cooled chillers are used. These include:
= Water shortages or quality problems
= Lower cost than water-cooled equipment

=  With packaged air-cooled chillers, no need for machine rooms with safety
monitoring, venting, etc.

= Lessmaintenance required than cooling towers

Air-cooled chillers are not as energy efficient as water-cooled chillers. When
comparing the energy efficiency of air-cooled to water-cooled chillers, care must be
taken to include in the water-cooled chiller the energy consumed by the condenser
water pump and cooling tower. Air-cooled chillers have very good part-load
performance; as the air temperature drops the COP improves significantly. Remote
air-cooled refrigerant condensers in chilled water plants are very seldom used
because of the physical size for the larger tonnage machines.

Application, Selection, and Maintenance of Remote Air-Cooled Condensers

When selecting remote air-cooled condensers, it isimportant to match the total heat
rejection (THR) from the compressor with the THR of the condenser. The smaller
the condenser, the higher the condensing pressure and the higher the energy bills.
Computer selections are used to match the compressors and condensers. A graphical
method can plot the THR of the compressor against the THR of several condenser
selections. When producing graphs of THR of the condenser, the pressure drop of
the hot gas line and the condenser itself must be taken into account. Thisis done
with refrigerant temperature drop and is usually kept at 2°F or less.
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Figure 3-27 — Graphical Method (THR of Compressor Vs. THR of Condenser
Selections)

Designing the piping for remote air-cooled condenser application is somewhat tricky.
Care must be taken to properly size the hot gasline to limit pressure drop but also
assure that oil is carried by the refrigerant and does not accumulate in the piping.
The minimum oil carrying capacity of the hot gas piping needs to account for the
lowest load (considering compressor unloading). Although very seldom used, double
hot gas risers may be necessary. If the condenser is located below the evaporator, the
liquid line must be carefully sized to prevent flashing caused by the pressure drop
not only by the pipe friction but also by the change in elevation of the fluid.
Additional subcooling may be required in thisinstance. When the condenser is
located above the compressor, care must be taken to prevent the liquid refrigerant
and oil from flowing backward by gravity into the compressor. This usually means
that the hot gas line runsto the floor before rising and that there is a check valve at
the top just upstream of the condenser. Using remote refrigerant condensers greatly
increases the likelihood of refrigeration leaks from the piping.

Air-cooled chillers require little maintenance but they do need to have coils cleaned
regularly, they require standard lubrication, and the refrigerant charge needs to be
periodically checked. If excessive leaves from trees or other debris become a
problem, permanent air filters are available to protect the coils. However, air filters
dightly degrade the performance of the units and require additional maintenance.

Aswith siting cooling towers, air-cooled chillers can potentially recirculate the warm
discharge air, especially when multiple condensers are located adjacent to one
another or condensers are located within a pit or screen wall. Consult the
manufacturers location guidelines for multiple machines or pit locations.
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Controls

When air-cooled condensers operate, typically the fan runs continually in
conjunction with the compressor. When the outside temperature falls, it is possible to
decrease the liquid refrigerant pressure too much to adequately overcome the thermal
expansion valve (TXV) pressure drop. In this case controls are required to limit the
heat rejection. These controlsinclude:

= Flooded coil: Control valves back up liquid refrigerant into the condenser to
limit the heat transfer surface. Thisrequires areceiver and alarge refrigerant
charge.

= Fan cycling: Usually need multiple fans with one or more cycling on and off to
maintain minimum head pressure.

= Dampers: Discharge dampers on condenser fan restrict airflow.
»  Variable-speed fans: Fan speed modulates airflow.

For systems not intended to run at cold temperatures (less than 40°F), fan cycling is
usually the most appropriate choice for control. For systems intended to run at
temperatures down to 0°F, fan speed control or dampers are used.

Evaporative Condensers

Evaporative condensers are not unlike closed circuit fluid coolers. A pump draws
water from a sump and spraysit on the outside of acoil. Air isblown (drawn) across
the coil and some of the water evaporates causing heat transfer. The hot gas from the
compressor condenses inside the tubes. Evaporative condensers are a cross between
acooling tower and an air-cooled refrigerant condenser. These devices are primarily
used in the industrial refrigeration business and have little application in the HVAC
industry. Some manufacturers produce small packaged water chillers with
evaporative condensers as an integral component.

The effectiveness of the evaporation of the water and the refrigerant in the heat
transfer process means that for a given load, evaporative condensers can have the
smallest footprint of any heat rejection method. The evaporative condenser causes
lower condensing temperatures and, as aresult, is far more efficient than air-cooled
condensing. Maintenance and control of evaporative condensersis similar to the
closed circuit fluid cooler.
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Figure 3-28 — Evaporative Condensers

In the chilled water plant centrifugal pumps are the prime movers that create the
differential pressure necessary to circulate water through the chilled and condenser
water distribution system. In the centrifugal pump a motor rotates an impeller that
adds energy to the water after it enters the center (eye). The centrifugal force coupled
with rotational (tip speed) force imparts velocity to the water molecules. The pump
casing is designed to maximize the conversion of the velocity energy into pressure
energy. In the HVAC industry most pumps are single stage (one impeller) volute-
type pumps that have either asingle inlet or a double inlet (double suction). Axial-
type pumps have bowls with rotating vanes that move the water parallel to the pump
shaft. These pumps are likely to have more than one stage (bowls). The vertical
turbine pump is an example of an axial-type pump and is sometimes used in a
cooling tower sump application. Double suction pumps are more likely to be used in
high volume applications but either asingle inlet or double inlet pump is available
with similar performance characteristics and efficiencies.

Most pumps in the HVAC industry are available in bronze-fitted or iron-fitted
construction. Usually the pumps have a bronze impeller and wear rings, a bronze or
stainless stedl shaft sleeve, stainless steel shaft, and a cast iron casing. Centrifugal
pumps come with mechanical seals (most common) or packing gland seals. Packing
gland seals are sometimes used in condenser water systems, where an accumulation
of dirt can damage mechanical seals. Manual petcocks are sometimes used to vent air
from the volute. If a system has significant air accumulation, an automatic air vent is
used in place of amanual vent.

The following isabrief discussion of the various types of pumps used in the chilled
water plant:
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Single Suction

Base-mounted single suction pumps can be either close-coupled or flexible-coupled.
Close-coupled pumps use a special mator that has an extended shaft to which the
pump impeller is directly connected. The motor and pump cannot be misaligned and
they take up less floor space than flexible-coupled pumps. However, replacement
motors can have along lead time and be difficult to get after a breakdown. Flexible-
coupled pumps allow the mator or pump to be removed without disturbing the other.
The flexible coupling requires very careful alignment and a special guard. The
flexible-coupled pump is usually less expensive than the close-coupled pump.
Usually single suction pumps are preferred for use up to 1000 gpm but are available
up to 4000 gpm.

Figure 3-29 — Base-Mounted Single Suction Pumps

In-line pumps have the suction and discharge connections arranged so that they can
be inserted directly into a pipe or they can be mounted on a base like other pumps. In
the past these pumps were used almost exclusively for small loads with low heads,
but now they are available in the full range of sizes. Because of the restricted inlet
condition, these pumps are not as efficient as single suction pumps. These pumps can
save considerable space but extra care must be taken to assure that pipe stresses are
not transferred to the pump casing.

----- L '.I. !
Figure 3-30 — Inline Pumps

Double Suction

In the double suction pump the water is introduced on each side of the impeller and
the pump is flexibly connected to the motor. These pumps are preferred for larger
flow systems (typically greater than 1000 gpm) because they are very efficient and
can be opened, inspected and serviced without disturbing the motor, impeller, or the
piping connections. Typically, the pumps are mounted horizontally but can be
mounted vertically. The pump case can be split axialy (parallel to shaft) or vertically
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for servicing. This pump takes more floor space than end suction pumps and is more
expensive.

Figure 3-31 — Double Suction Pump

Vertical Turbine

Vertical turbine pumps are axial-type pumps that are used almost exclusively for
cooling tower sump applications. These pumps can be purchased with enclosures or
“cans’ around the bowls when not sump-mounted.

Figure 3-32 — Vertical Turbine Pumps

Pump Performance Curves

For agiven impeller size and rotational speed, the performance of a pump can be
represented on a head-capacity curve of total developed head in feet of water versus
flow in gallons per minute. Total dynamic head (THD) is the difference between
suction and discharge pressure and includes the difference between the velocity head
at the suction and discharge connection. Starting from zero flow, as the pump
delivers more water, the mechanical efficiency of the pump increases until a*“best
efficiency point” (BEP) isreached. Increasing the flow further decreases the
efficiency until a point where the manufacturer no longer publishes the performance
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(end of curve). Pump performance curves are afamily of curvesfor different size
impellers. Notice as the impellers get smaller, the pump efficiency decreases. The
power (horsepower) requirements are also shown on the performance curve; notice
that the power lines cross the pump curve until one value does not cross. This value
is called “non-overloading” horsepower because operation at any point on the
published pump curve will not overload the motor. Finally, information on the “ net
positive suction head required” (NPSHR) is shown on the pump curve. Thiswill be
discussed in greater detail below.

Pump curves are also rated as “steep” or “flat.” The definition of aflat curve pumpis
when the pressure from “ shut-off head” (head at zero flow) to the pressure at the
BEP does not vary more than 1.1 to 1.2 times the pressure.
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Figure 3-33 — Head Capacity Curve

Parallel and Series Pumping

When two or more pumps are operated in parallel acombined parallel pump curve
can be drawn which holds the head constant and adds the flow. Similarly, a series
pump curve can be drawn which holds the flow constant and adds the head. Pumps
arerarely placed in series but depending on the system piping practices can actually
operate in a series mode.
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Figure 3-34 — Parallel Pump Curve
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Variable-Speed Pumping

For agivenimpeller size afamily of curves can be drawn to represent the variable-
speed performance of a pump. Notice that the BEP follows along a parabolic curve
that looks surprisingly like a system curve (this will be discussed in greater detail
below). Also notice that the NPSHR lines follow fairly closely with the published
end of curve linesfor the various speeds. The power lines decrease rapidly as the
speed decreases, which graphically demonstrates the potential power savings of
variable-speed operation in variable-flow systems. For a more detailed example of
variable-flow applications, refer to Chapters 4 and 6. Some designers have placed
variable-speed pumpsin parallel with constant-speed pumps with unexpected results.
The constant-speed pump will always overpower the variable-speed pump until the
variable speed isincreased sufficiently high to meet the pressure created by the
constant-speed pump. One unexpected result is that as the flow and pressure in the
system decreases, the flow in the constant-speed pump increases and the operating
point moves steadily down the pump curve. This can result in the constant-speed
pump operating beyond the end of its published curve with resultant increasein
radial thrust forces and potential cavitation.
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Figure 3-35 — Variable-Speed Performance Curve
Selecting Pumps

In general, a constant-volume pump should be selected +25% of BEP and a pump
with a variable-speed drive should be selected to the right of the BEP. Selecting a
pump too close to shut-off head or too near the end of the curve presents problems
with radial thrust and potential cavitation. Thiswill be discussed further below.
Chilled water pumps serving terminals with two-way valves (variable flow)
generally should be flat-curved pumps and condenser water pumps should be steep-
curved pumps, if constant speed. Motor size should be selected so that the power
curve does not cross the pump curve at any point (non-overloading).

When applying pumps, the actual pump head (as measured in the field) is often
different from the calculated head used to select the pump. For constant-flow pumps
with the actual head lower than the calculated head, trimming the impeller to match
the actual requirementsis energy efficient and cost effective.
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System Curves

The affinity laws govern the performance of a pump under varying conditions of
flow and head pressure. The most important law is:

Eq 3-2
F _H,
2 H2

Simply stated, the head pressure varies to the square of the flow. The head pressure
and flow characteristics of a system can be predicted using the affinity law by
plotting a“system curve.” A subtlety isthat the system curveisactualy a
representation not of the pump performance, i.e., affinity law, but of pipefriction
which follows dlightly different formulas. Many times the actual velocity in chilled
water piping system causes less than fully developed turbulent flow. Using 1.85
instead of 2 in the exponent is more accurate. In open systems (cooling towers) the
static head is a constant, as is the head pressure in a variable-flow system that has a
constant element, such as the minimum pressure maintained at one point in the
system by adifferential pressure controller. These constant pressures are represented
by raising the starting point of the curve at the zero flow line to the pressure that

remains constant.
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Figure 3-36 — System Curve

The system curve can be used to predict the flow characteristics at a variety of points
in a system, and are useful in determining corrective actions that need to be taken
should the actual flow and head not match the design condition. For example, the
system curve can be used to size anew impeller for a pump when field-testing
reveals that the actual flow is greater than the design flow. Another example of
using system curvesisto predict the performance of parallel pumps. In one case
turning on the second pump produces almost no additional flow. In another example
turning the second pump off resultsin a flow from the first pump that is at the end of
the published pump curve.
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The system curve is accurate so long as nothing in the system changes. When two-
way valves are incorporated into the system, the variable pressure drop created
changes the system curve. Thisisimportant to understand because in a variable flow
system with multiple two-way valves, there are many system curves that may
represent the condition at various times. Depending if the active loadsin a piping
system are near to or far from the pump, arange of system curves best describes the
conditions that may occur at any given time. Asthe flow decreases the velocities of
the water in the pipe can develop laminar flow or amixed laminar-turbulent flow.
This has the affect of decreasing the exponent in the system curve equation above
and is another reason to expect arange of system curvesin an operating system.
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Pump Inlet Limitations

The boiling temperature of water is afunction of the absolute pressure surrounding
the water. In a pump the pressure at the eye of the impeller can be the lowest in the
system and depending on the temperature, the water can boil (vaporize). Asthe
liquid moves through the impeller and gains pressure, the water vapor collapses back
into liquid. This processis called “cavitation” and can be very harmful to the
impeller. The pressure at the inlet of the pump must be high enough to prevent the
water from boiling. The higher the velocity of water into the eye of the impeller, the
lower will be the pressure and the more likely cavitation will occur.

Manufacturers publish “net positive suction head required” (NPSHR) curves with
the pump curve. Notice that the NPSHR increases dramatically when the flow gets
higher. The designer must ensure that the system will have enough * net positive
suction head available” (NPSHA) to prevent cavitation. In closed systems with
minimum inlet pressure control (usually not lessthan 12 psig), cavitationisrarely a
problem. In open systems, i.e., cooling towers, cavitation isavery rea concern and
all efforts must be made to ensure that the NPSHA is greater than the NPSHR. This
usually means that the sump levels are substantially higher than the pump inlet (4 to
6 feet minimum) and that the pressure drop of the suction line from the tower to the
pump is not excessive. In many installations, the strainer in the condenser water
system is located on the discharge side of the pump to avoid excessive pressure drop.

Another pump inlet problem to be avoided is “vortexing” or air entrainment. Any
time water is drawn from an open tank or sump there is a potential that a vortex will
occur. Vortexing will cause air to enter the pump suction line and will decrease the
effectiveness of the pump. Vortexing will occur even with very deep sumps. Any
time water is drawn from a sump or open tank, anti-vortexing devices should be
installed.

When using axial pumps (i.e., vertical turbines), care must be taken to assure that
manufacturer recommendations are followed to maintain a minimum submergence
distance above theinlet bell. Also, adequate clearance must be maintained from the
tank's bottom to the pump'sinlet.

Radial Thrust

When pumps operate at points on the pump curve other than BEP, non-uniform
pressures can develop on the impeller. Thisis called radia thrust and can cause
severe shaft deflection, excessive wear on pump bearings and even shaft failure.
Radial thrust occurs when pumps are operated at or near the shut-off pressures or
near the end of the curve.

3-42 CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Equipment
. _____________________________________________________________________________________________________________________|

120 T |

100

=]

riﬂperuur?g Range-t

N ¢ i
- F!ml |Bust EMiclomeys{ |
. Flaw !

=g Flom
Candilan

.
=

Mot Herel

ka
(=]

0 - —
0 20 40 &0 680 100 120 140 160

% of Flow at Best Efficiency

% of Radial Thrust at No-Flaw Candition
(=11
o

Figure 3-41 — Radial Thrust
Pump Installation and Operation

The following are installation and operation guidelines that will help ensure proper

operation of pumps:

= The minimum flow through a pump should be sufficient to remove the heat of
compression (motor input power) with no more than a 10°F temperature rise.

= Careful attention must be paid to the conditions at the pump inlet; a minimum of
4 to 6 diameters of straight pipe upstream or a“suction diffuser” is
recommended for field-installed pumps.

»  Variable-flow pumps should never have balance valves installed on the
discharge, as flow balancing can be easily accomplished by varying the speed of
the pump.

=  When using a combination duty balance and check valve, install an additional
shut-off valve downstream so that the check valve can be maintained.

Variable-Speed Drives

One of the greatest improvements in the design of chiller plantsisthe result of the
variable-speed drive (VSD). The advent of a cost effective meansto vary the speed
of chiller rotors, impellers, and pump impellers has meant that greater operating
efficiencies are now possible, and systems are inherently self-balancing with lower
maintenance. The adjustable-frequency drive (AFD) isthe electronic device that
gives us the ability to vary the speed of the motors that drive the equipment. This
device works by converting afixed 3-phase voltage and 60 Hz frequency source into
avariable voltage and frequency source. Frequency of the source to the motor
controls the speed. In order to keep the required torque of the motor, the voltage and
frequency relationship must be maintained. Thisis called Voltsto Hertz
relationship. By maintaining a constant Volts to Hertz relationship, the motor can
develop full torque at all speeds, except at very low speeds (0 to 20 HZ). Most
HVAC applications require variable torque because as the speed of the motor
decreases, the load (torque) also decreases. This requires that the drives have a
variable Volts to Hertz relationship.

There are three different types of VSDs currently on the market. Theseinclude VVI
(Variable Voltage Input), CSl (Current Source Inverter), and PWM (Pulse Width

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide 343



Equipment
. _____________________________________________________________________________________________________________________|

Modulation). The pros and cons for each type of drive are too numerous to discuss
in thisguide. The mgjority of the drives currently in HVAC system use are PWM.
The PWM drive has afixed diode rectifier that converts the AC input voltage to
fixed DC voltage. The DC voltageisfiltered and sent to the Inverter section that
changes the fixed DC voltage to variable AC voltage and changes fixed frequency to
variable frequency. The Inverter uses power transistors to chop the DC voltage to
create the variable output. The transistors are turned on and off at avariable rate
(carrier frequency) to create the variable output voltage and frequency. PWM
variable-speed drives have very high efficiency with little motor heating, have
constant input power factor, run at low speeds, and have reduced audible motor noise
(because of high carrier frequency).

V SDs have obvious benefits, particularly in improved energy efficiency, but do have
some disadvantages, including a possible negative impact on power quality, motor
noise, electromagnetic interference (EMI), radio frequency interference (RFI), and
nuisance tripping. 1n applying VSDs, one must consider the efficiency of the motor
and drive combined, the type of motor being connected, the distance of the drive to
the motor, and numerous accessories.

Power Quality Issues

Harmonic Distortion

Because the drives are based on static switches (power transistors), they represent a
non-linear load to the electric supply. The switches cause distortion to occur in the
other loads connected to the same supply. Thisis called Harmonic Distortion. When
aload designed to expect a smooth sinusoidal voltage receive a distorted voltage, the
result can be overheating of wiring, motors, and transformers, or malfunction of the
equipment. The distortion of the voltage combines with the system impedance
frequency response characteristic with the result of a harmonic distortion. The
harmonic voltages and currents can cause spurious operation of relays and controls,
capacitor failures, motor and transformer overheating, and increased power system
losses. The problems can be compounded by the application of power factor
correction capacitors that can create resonance conditions that magnify the harmonic
distortion levels.

Harmonic distortion from an individual VSD is seldom critical for a distribution
network, but the problem can be severe if multiple non-linear loads are involved.
PWM drives have much lower harmonic distortion than other types of drives.
Harmonic distortion can be avoided with proper cabling and grounding of the VSD
and motor. Refer to manufacturer instructions. Line reactors or isolation
transformers can reduce harmonic distortion in the other |oads connected to the same
supply. The best approach (and most expensive) for reducing harmonics is the tuned
harmonic trap. These filters absorb practically all of the harmonic currents generated
by the drive. The filter must be sized properly. The proper sizing of the filter
requires a specia study of the electrical distribution system to which the variable-
speed drives are connected.

EMI and RFI

All VSDs produce electromagnetic emissions to some degree. EMI issimilar to a
radio wave. If the EMI signal is strong enough, it will cause unwanted reference
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signalsor “noise” in other electronic equipment. The easiest way to correct
problems associated with EMI is proper routing of the drive conductors in separate
metallic conduits, and even separate raceways, if practical, and as remote as possible
from any other conductors or suspect equipment. RFI can also cause operating
problemsin other electronic equipment, but the effects are more profound in
equipment that is not properly grounded or in inductive devices like solenoids that
do not have noise suppressors. To contain RFI through the media from the VSD,
complete shielding using a metallic enclosureisrequired. Thiswill contain most of
the radiated RF to areasonable distance. EM/RF filters, which are expensive, can be
engineered for a system to trap or inhibit high frequency emissions into power
system conductors, however the effectiveness of any filter is sensitive to where it is
located.

Drive System Efficiency

The efficiency of the drive system takes into account electrical losses from the
variable-speed drive, the connected motor, and the combination of the two devices.
The VSD haslossesin the form of thermal power from the inverter (60%), rectifier
(30%), and leaking current and power lost in the cooling equipment (10%). The
inverter and rectifier losses are proportional to the motor shaft speed and the other
losses are fairly constant. Drive losses are 2 to 2.5% of the nominal power of the
drive. The motor losses are from rotating losses, including friction and iron losses,
and resistance losses caused by the resistance in the internal wiring in both the stator
and the rotor. When amotor ismarried to aVSD, thereisa 10 to 15% increase in
the motor rotating losses, and the same in the resistance losses. The efficiency at
zero speed is aways zero.

The actual efficiency of the drive and motor operating together can be calculated if
both the motor and drive losses are known in the entire speed range. The typical
performance of the drive, motor and pump is shown in Figure 3-42 . Thisfigure
takes into account the motor and drive losses and the decrease in power requirements
as the pump speed is decreased.
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VSD Accessories and Considerations

Bypass Switch

A VSD can be equipped with amanual or automatic bypass switch. Normally thisis
provided to allow the operation of the motor across the line (with no speed control)
while the driveis being serviced. Thisrequirestwo sets of contacts, one on the
power side and one on the load side to isolate the drive for servicing. Care must be
taken when operating the motor acrossthe line. Larger motors (60 HP and above)
are usually not started across the line due to limitations on inrush current. When
operating in the bypass mode, the system may be over-pressurized causing failuresin
piping and control valves.

Shaft Grounding

V SDs have been shown to create voltage differences (as high as 60 volts) between
the rotating shaft and the casing of the motor. Electrical current passes from the
shaft through the bearings, gearboxes, tachometers, etc. into the casing. This
electrical current can cause damage in the form of pitting of the bearing cases. A
pattern known as “fluting” can form that will eventually cause premature failure of
the bearings. The IGBT transistorsin the VSD are amajor source of the voltage
difference. Shaft ground kits are available that are installed on the shaft typically on
end of the motor.

Disconnect interlock

If the motor served by aVSD is equipped with a separate disconnect switch located
at the motor, the disconnect should be equipped with an auxiliary contact switch to
signal the VSD that the motor has been manually turned off from a remote location.
Thisauxiliary contact protects the VSD from accidentally starting under full-load
conditions that can cause catastrophic failure of the drive.

Motor and Drive Matching

Some manufacturersinsist that their VSD be carefully matched to a special motor
(usually of the same manufacturer asthe drive). Thisis generally not necessary.
Most V SDs can serve any induction motor. The exception is when applying a new
VSD to an existing motor. In some older motors, the insulation on the windings will
not be sufficient to handle the voltage surges and additional overheating caused by
the VSD. In these cases the motors should be replaced with high efficiency motors
or the existing motors can have a megger test that will verify the condition of the
insulation on the windings.

Critical Frequency Lockouts

When the speed of a cooling tower fan is varied, there are certain speedsin which a
resonance frequency vibration can occur. The VSD can be programmed to lock out
these frequencies to protect the fan. The cooling tower manufacturer should be
contacted to verify the speeds at which resonance frequency vibrations occur.
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4. Hydronic Distribution Systems

This chapter of the Cool Tools Design Guide addresses piping layouts and design issues
related to chilled water distribution systems and condenser water systems. The first
section addresses the chilled water (evaporator) side of the chillers, chilled water pumps
and cooling coils. The second section addresses the condenser waterside of the chillers,
including cooling towers, condenser water pumps, water economizers and other design
issues.

Chilled Water Systems

Introduction

The chilled water distribution system consists of chillers, pumps, piping, cooling cails,
controls and other components on the evaporator side of the chillers. This dynamic
system, which provides cooling for many air conditioning applications, is one of the most
energy intensive systemsin commercial buildings. Understanding how hydronic
distribution systems react to varying loads and how their components interact is essential
for designing an energy-efficient and cost-effective chilled water plant.

Older chilled water plant designs circulate a constant volume of chilled water through the
chiller(s) and the building, no matter if the cooling load islarge or small. If loadsare
small, the constant volume of chilled water is diverted around the cooling coils by three-
way valves. In multiple chiller systems, it is difficult to shut off the machines that are not
needed. There are other problems as well with constant volume designs. Asresullt,
variable flow systems have emerged, along with a different set of engineering challenges.

This section—Chilled Water Systems—di scusses appropriate applications for constant-
and variable-flow chilled water systems and presents design strategies for achieving
energy efficiency and operational simplicity. A brief outline follows:

Constant-Flow Chilled Water Systems

= Single chiller serving single or multiple cooling loads
= Multiple chillers (in parallel or series) serving multiple cooling loads
Variable-Flow Chilled Water Systems

= Concerns about variable flow in evaporators

= Primary-only variable flow design

* Primary/secondary variable flow design

= Distributed systemsin larger plants

»  Coil pumping strategies

Variable-Flow System Design Considerations

= Primary pump configuration

= The balance valve debate

= Causes and effects of low delta-T syndrome

» Design solutions for low delta-T syndrome
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= Techniquesfor connecting multiple chiller plants
= Methods of connecting heat recovery chillers

The second section of this chapter addresses the design of condenser water systems.
Optimizing the size and selection of the chillers, towers and other components, and the
sequencing of the chiller plant are discussed in Chapter 6, “ Optimizing Design.”

Constant-Flow Chilled Water Systems

This subsection addresses how constant-flow systems can be used in the following
applications:

= Single chiller serving a single cooling load

= Single chiller with multiple cooling loads

=  Multiple paralel chillers with multiple cooling loads
=  Multiple series chillers with multiple load

Single Chiller Serving a Single Cooling Load

With asingle chiller serving a single cooling coil (Figure 4-1), the simplest design
strategy is to eliminate the traditional three-way control valve at the coil and to use a
constant-volume pump to circulate water between the evaporator and the coil. A more
typical design would be to use athree-way valve at the cooling coil to divert water
around the coil at low loads. Control is provided by resetting the temperature of the
chilled water leaving the chiller. Constant water flow provides reliable heat transfer at
both the evaporator and the cooling coil. Also, chiller performance is improved when the
leaving chilled water temperature is reset to be as high as possible, subject to the
limitation of minimum refrigerant head pressure differential between the evaporator and
condenser as discussed in Chapter 3. When dehumidification is required at low loads, the
temperature of the air leaving the coil can be set to achieve the necessary dew point
temperature.

Chillers must have a sufficient volume of water in the piping system to prevent unstable
temperature swings and this may be an issue with single-chiller, single-coil systems.
Often asmall storage tank isrequired if the chiller is closely coupled to the coil. The
minimum water volume should be verified with the chiller manufacturer, but some
genera guidelines follow:

» Provide 2.4 gallong/ton for a screw compressor.

= Provide at least a 5-minute re-circulation rate for reciprocating or scroll compressors.

Storage Tank
(Optional)

Figure 4-1 — Constant-Flow Piping, Single Chiller, Sngle Coil
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Single Chiller with Multiple Cooling Loads

A constant-flow chilled water system isa simple, cost-effective design for plants with a
single chiller and multiple cooling coils (Figure 4-2) aslong as the pumping head is not
too great (less than 50 feet). A variable-flow system may be more cost effective if the
piping between the chiller and the coilsislong and the resulting pump head is high (over
50 feet. Three-way valves must be used at the cooling coils to modulate the load at each
air handler. An energy-saving control strategy is to reset the chiller’ s leaving water
temperature to satisfy the coil requiring the coldest temperature.

Asthe three-way valves at the coils modul ate between full flow and full bypass, the
system pumping head changes disrupting the flow balance. The change may be small
enough that it does not create a problem, but if there are several large three-way vaves
located near the pump and operating at partial load, aloss of flow might occur at the most
remote coils. To counter this, it is sometimes prudent to use atwo-way valve at the coil
closest to the pump. This causes variable flow through the chiller but helps provide
adequate flow to remote coilsin the system. Example 4-1 shows flow variation asa
function of the valve position.

Example 4-1 — Flow Variation as a Function of Valve Position
yh
f
—>ey -
o
]
Pressure Drop @ 100 GPM
Item 100% to Coil 50% to Coil 0% to Coil
Pipe/Valves 2.0 2.0 2.0
Coil Bypass 8.0 2.0 8.0
Control Valve 10.0 10.0 10.0
Tota 20.0 14.0 20.0
GPM @ 200’ d P* 100 119 100
*actual dP available may change

Using constant-flow regulating valves at each coil is another—although more
expensive—way to maintain system balance. Performing a quick analysis at full flow and
with the two-way valve fully closed can help to determine the extent of the flow
variations in the chiller and at the other coils.
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Figure 4-2 — Constant-Flow Piping, Sngle Chiller, Multiple Coils

Multiple Parallel Chillers with Multiple Cooling Loads

Constant-flow systems have limited application for multiple chillers piped in parallel and
serving multiple cooling loads (Figure 4-3). This system configuration is generally better

suited for variable-flow systems. When the system operates near full load, performanceis
satisfactory as all chillers and pumps are operating. However, constant-flow systems have
problems during part-load or off-peak conditions.

The load may small enough so that one chiller and pump could theoretically handle the
load, or the load may become so low that the chillers cut out on low temperature safeties
or require hot gas bypass to operate. By turning off one chiller and alowing the flow to
continue through the down machine, the supply temperature from the plant increases due
to the mixing of water from the “off” chiller with the water from the “on” chiller. This
creates a step reset of the supply water temperature. The only way to counter this effect is
to drop the temperature of the water leaving the “on” chiller, but this complicates the
operation and/or controls, making it an unsatisfactory option.

Another option is to provide each chiller with a dedicated pump. When the load is low
enough, a chiller and its dedicated pump are shut down. This solves the mixing problem
but creates a flow distribution problem. All the three-way valvesin the system are il
expecting full flow, but with only one pump running, only about 60% of the flow is
available. The reduction in flow starves al the coilsin the system (with some coils
receiving less flow than others).

Constant flow will work with this configuration provided that all the loads in the building
change together, e.g., no one coil demands full flow while others require very little flow.
Systems with air handlers serving similar spaces such as offices are an example of when
this condition is satisfied. However, the more air handlers in the system, the more likely
it isthat there will be substantial differencesin load between them. Thisis particularly
trueif air handlers serve different faces of the building or if air handlers serve near
constant loads such as data centers. Therefore, the system shown in Figure 4-3 should be
used with caution when serving many coils.

4-4
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Figure 4-3 — Constant-Flow Piping, Multiple Parallel Chillers, Multiple Coils

Multiple Series Chillers with Multiple Load

One solution to using a constant-flow system with multiple chillersisto put the chillers
in series (Figure 4-4). In this configuration, the entire flow passes through each machine.
This method is effective for systems designed with ahigh delta-T (15 to 20°F). During
off-peak periods, the lag machine (second in series) isturned off and the lead machine
(first in series) continues to deliver chilled water at the correct temperature.

Although this system works well, chilled water pump energy savings are not realized
during periods of low load. Thisis partially offset by the lower flows required with high
delta-T designs. Series chillers also become very cumbersome when the plant has more
than two chillers. One problem is that the pumping head (water pressure drop) through
series chillers can be excessive. The pump head through the evaporator can be minimized
by the judicious selection of the chiller and/or the number of passes through the
evaporator can be reduced from two (or three) to one with some reduction in the
downstream chiller efficiency.

Another solution that solves the high pressure drop problem (although more expensive) is
to pipe the chiller to the distribution loop in a primary/secondary fashion as shownin
Figure 4-5. This design also allows more than two chillersto be used in series. This
piping arrangement is very effective for systems designed for high delta-T (over 20°F)
between the entering and leaving chilled water temperatures.

One application for piping chillersin a series primary/secondary fashion iswhere an
absorption or engine-driven chiller is coupled with an electric chiller. The arrangement
allows the operator flexibility to choose which machine to load based on utility rates or
other criteria. In addition, allowing absorption machines the opportunity to operate at
higher inlet and outlet temperatures (in a series configuration) increases the energy
efficiency of these types of machines.
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Figure 4-4 — Constant-Flow Piping, Multiple Series Chillers, Multiple Coils, A

Figure 4-5 — Constant-Flow Piping, Multiple Series Chillers, Multiple Coils, B
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Variable-Flow Chilled Water Systems

Introduction

Variable flow has many advantagesin large chilled water systems with multiple chillers
and multiple loads or coils. Significant pumping energy can be saved because the plant
can effectively modulate during periods of low load. This section discusses many
important aspects of variable-flow chilled water systems, including:

= theeffect of variable flow through the evaporator;

= energy efficiency opportunities with distributed pumping techniques in both large
and small central plants;

= the need for flow balancing and associated devices;
= the causes and effects of low delta-T syndrome; and

= techniquesfor interconnecting multiple central chiller plants for added energy
efficiency and redundancy.

Variable Flow in the Evaporator of a Chiller

Flow in the evaporator can be dynamically varied but not without somerisk. If achiller is
operating in a stable condition and flow in the evaporator is reduced, the leaving chilled
water temperature will drop. If the flow reduction occurs slowly, the controls will have
adequate time to respond and the system will remain stable. But arapid changein flow
will cause the leaving water temperature to drop quickly. If the controls react too slowly
the chiller may shut down on low temperature safety. Thisis a significant nuisance since
someone must manually reset the safety control and the chiller must remain off for a
minimum period of time before restarting. Some manufacturers (although not all) have
adopted modern controls that account for the rate at which the leaving chilled water
temperature drops. These controls will prevent inadvertent shutdown of the chiller.

Another issue is avoiding laminar flow in the evaporator tube. A fluid velocity of at least
3 feet per second is recommended to maintain good heat transfer. In chilled water plants
with higher delta-Ts (lower flow rates), the variation between the design flow and the
minimum flow may be limited. For example, on a system with a two-pass evaporator and
al12°F delta-T, the minimum flow could vary down to about 50% of design, and with a
three-pass evaporator could vary down to about 30% of design. Given the fluctuations
and accuracy of controls, agood designer will choose a minimum flow rate that is not too
close to the published minimum. Consult the manufacturer’ s literature for maximum and
minimum flow rates.

Because of these risks, most designers choose constant flow rates through the
evaporators. However, due to the success of hew control strategies, variable flow through
the evaporator is gaining acceptance.

Primary-Only Variable Flow Design

Primary-only variable flow systems have many advantages over common
primary/secondary designs. Primary-only variable flow systems consist of single or
multiple chillers with system pumps that move the water through the chillers and
distribution system to the cooling load. The cooling output at each coail is controlled with
two-way valves. A bypass line with control valve diverts water from the supply into the
return piping to maintain either a constant or minimum flow through the chiller(s). The
simplicity of this approach makesit attractive, but it has some drawbacks. For instance:
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» The bypass valve (when located near the pumps) acts against arelatively high-
pressure differential, with the result that it is very susceptible to wear, cavitation, and
unstable operation at low loads.

= |f the bypass valve maintains a constant flow through the chiller(s), there will be no
pump energy saved as the loads vary (except when pumps are shut off as chillers are
disabled).

Variable-speed drives can be added to the primary pumps so that as demand goes from

maximum to minimum, the speed can be adjusted downward, thus saving pump energy.

In this case, the bypass valve would need to be very carefully selected because of the

varying differential pressure across the supply and return mains. The pump bypass valve

isavery good application for a pressure independent delta-P (Figure 4-6) control valve.
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Figure 4-6 — Delta-P Valve

Sngle chiller with multiple coils (Figure 4-7). Single chiller systems are usually constant
flow, except for conditions with alarge pumping head (over 50 ft). In asingle chiller
system with two-way valves on each coil, the demand for flow will decrease as the load
decreases. Controlling the bypass valve between the supply and return mains for a
constant flow at the chiller has the same result as using three-way valves at al the coils:
thereis no pump energy savings. Pump energy savings can be realized, however, if the
bypass valve is controlled only to maintain the minimum flow rate recommended by the
chiller manufacturer, which typicaly is 25% to 50% lower than the design flow rate. One
design approach isto use a variable-speed drive on the pump that is controlled from a
remote differential pressure controller or cooling coil valve position. In addition, the
pump speed would need to be controlled in conjunction with the bypass valve to maintain
the minimum flow through the chiller. In addition to pump energy savings, the variable-
speed drive will aso improve controllability at the coil valves and, perhaps more
importantly, at the bypass valve by reducing the pressure differential across the valves.
However, the added complexity and cost of the variable-speed drive and controls may not
be cost effective for al applications. A life-cycle cost analysis should be performed
before proceeding with this approach.
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Figure 4-7 — Primary-Only Variable Flow Piping, Sngle Chiller, Multiple Coils

Multiple chillers with multiple coils (Figure 4-8). A primary-only variable flow systemis
agood choice for multiple chillers that are coupled with multiple coils. When two-way
valves at the coils modulate toward closed and the load and/or flow are sufficiently low,
one or more of the chillers can be shut down. It isimportant to eliminate flow through the
“down” chillers by either closing a two-position isolation valve at each chiller or by
shutting off a dedicated pump (pump check valve prevents backflow). The bypass valve
should be programmed to maintain only the minimum flow required for each “on” chiller
as opposed to maintaining constant flow. Maintaining only the minimum flow saves both
pump and chiller energy.

Variable-speed drives—controlled from remote differential pressure sensors or cooling
coil valve position—can be added to the primary pumps. The speed reduction of the
pumps would be limited by the minimum flow of the chillersin conjunction with the
operation of the bypass valve. This approach saves pump energy. For larger systems, this
approach should be cost effective, even considering the added complexity of the variable-
speed drives and controls. Variable-speed pumps are discussed in greater detail in
Chapter 3, “Chilled Water Plant Equipment.”

The best location for the bypass depends on the way the pump is controlled. 1f the pump
is constant speed, locating the valve near the end of the system improves controllability
because the valve will be operating against alower differential pressure due to pressure
lossesin the piping. However, thisis apoor location if the pumps have variable-speed
drives since it will virtually eliminate pump energy savings. For variable-speed systems,
the bypass should be located near the chillers so that the pressure drop through the
distribution system can fall as coil loads fall, allowing pump speed to reduce while, in
most cases, maintaining sufficient differential pressure at the bypass for minimum flow to
be maintained through the chillers.
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Primary/Secondary Variable Flow Design (Figure 4-9)

Thisisthe standard design for central chilled water plants with multiple chillers and
multiple cooling loads. The beauty of the primary/secondary variable flow design is that
the piping loop for chillers (the primary loop) is hydraulically independent (decoupled)
from the piping loop for the system (the secondary loop). The key to this design is that
two independent piping loops share a small section of piping called the “common pipe.”

When the primary and secondary pipe loops operate at the same flow rate, thereisno
flow in the common pipe. Depending on which loop has the greater flow rate, the flow
direction in the common pipeis subject to change. Typically, the number and flow rates
of the primary pumps match each chiller. The primary pumps are typically constant
volume, low head pumps intended to provide a constant flow through the chiller’s
evaporator. The secondary pumps deliver the chilled water from the common pipeto
coils then back to the common pipe. These pumps are variable-speed pumps controlled
from differential pressure sensors located remotely in the system or from cooling coil
valve position.

Normally it is desirable to have the flow rate in the primary loop equal to or greater than
the flow rate in the secondary loop. This means that some of the cold supply water is
bypassed through the common pipe to the return side. The cold bypass water mixes with
the return water from the secondary system, dropping the temperature accordingly. This
water is then pumped back into the chiller. When the secondary flow exceeds the
primary, return water from the system flows back through the common pipe and mixes
with the supply water from the chillers. This increases the temperature of the supply
water to the secondary system, sometimes with dire consequences. The warmer supply
temperature causes the two-way valves at each cooling coil to open even more, creating
an ever-increasing demand for secondary system flow. To address this problem, controls

4-10
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turn on chillers so that the primary flow is aways equal to or greater than the secondary
flow.

If the secondary system return water temperature is lower than the design temperature,
the chillers cannot be loaded to their maximum capacity. Thisiscalled “low delta-T
syndrome” and it resultsin greater pump, chiller, and cooling tower energy consumption,
aswell asareduction in cooling plant capacity. In most cases, the capacity control and
control valve of the air handling units are the cause of low delta-T. (See the low delta-T
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Figure 4-9 — Primary/Secondary Variable Flow Piping, Multiple Chillers, Multiple Coils

The arrangement of the pipe fittings used in the common pipe is important for
primary/secondary pumping systems. One problem is the migration of the secondary
system return water back to the supply piping, increasing supply water temperature.
When the flow entersinto a bullhead tee, the velocity pressure of the water can cause the
flow to be forced into the supply. As shown in Figure 4-10, the tee used in the secondary
piping system return should be arranged so that flow from the bypassisinduced into the
return system. If thisis not possible, separate the return connection bullhead tee from
secondary supply connection by the minimum separation distance shown in Table 4-1. In
practice, these configurations are only important when the primary and secondary flow
rates are nearly equal, which is not acommon situation.
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Table 4-1 — Coil Performance (at full load) for Low LAT Setpoints

Leaving Air Temperature ~ GPM Delta-T % of Design
(LAT) Setpoint GPM
54 80 13 100%
53 104 11 130%
52 143 8.5 179%
51 208 6.5 260%
50 327 43 409%
49 Cannot be attained
Fu-rr P

Do This

Figure 4-10 — Water Flow through Tee in Common Piping

Another issue in primary/secondary piping is the size of the common piping (bypass
pipe). In amultiple chiller system that is properly controlled, the maximum flow in the
bypass should not exceed 110% to 115% of the flow from one chiller. However, in most
cases the bypass line should be the same size as the supply and return header. There are
two reasonsfor this:

= Thefirst cost of saving material by decreasing the size of the bypass line can be more
than offset by the labor for the extra fittings required.

= By keeping the primary piping system’s pressure drop as low as possible, flow
variations are minimized when operating with one chiller instead of multiple chillers.

In very large systems (say 5000 tons or pipes larger than 20 inches), the cost savings
achieved by downsizing the common pipe should be considered.

Coil Pumping Strategies (Figure 4-11)

Sometimes variable-speed secondary pumps can be located directly at the cooling coils,
thereby decentralizing the pumping and eliminating the need for two-way control valves.
If constant flow within the coil system is desired, athree-way valve and bypass pipe can
be added to the coil pump circuit. With this system, the pressure balance changes causing
the flow through the pumps and coils to vary as a function of the position of the three-
way valve. Flow variations can be minimized if the pressure drop between the three-way
valve and the common pipe are kept very low. This control strategy does not save
pumping energy. In fact, because of the potential for poor selections with low head coil
pumps, the pumping energy may actually increase compared to other approaches.
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Figure 4-11 — Coil Pumping Strategies

Large Plant Distribution Systems

Distributed pumping system (Figure 4-12). The primary/secondary pumping
arrangements described above have the secondary pumps located near the common
piping (within the central plant) and serving al of the secondary system. While this
strategy is reasonable for most systems, it may not be appropriate for large campus-like
central plants (for instance, those that serve hospitals, airports, and university campuses).
Pressure created by the secondary pumps must be sufficient to deliver the chilled water to
the most remote load or coil. The cooling loads located closest to the secondary pumps
operate at high differential pressures. In asmaller system this may not present a problem,
but in larger plants this over-pressurization not only represents energy waste but it strains
the ability of the control valve to accurately modulate water flow and may even cause
valvesto lift off their seats.

A solution to this problem is to design a distributed pumping system. This strategy moves
the secondary pumps from within the plant and locates them remotely nearer to the loads
they serve. On alarge system the secondary pumps would be located in the building
being served rather than the central plant. The pumps are sized for the pressure drop
needed to move the water from the common pipe to their most remote coil within the
building and back to the common pipe. Significant pump energy savings can be achieved
with this design strategy. Because the secondary pumps are distributed, they need to be
sized for the peak demand required in the building. This strategy may |ose some of the
benefit of diversity provided by centralizing the secondary pumps with the result that the
pumps may be larger and more expensive.

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide, May2000 4-13



Design

.......................

Varkabie Speed Builcing A =
. —

Ao 4 Secondory Pumg |

Mt [Tipoocsiod) f - —
— | pr—
—

! La

Buslding B

....... ﬁ_g

o

Figure 4-12 — Primary/Secondary Variable Flow Piping, Distributed Pumping

Tertiary pumping system (Figure 4-13). A derivation of the standard primary/secondary
pumping strategy is to provide standard secondary pumps within the central plant and
locate tertiary pumps remotely within the building, at the loads. Traditionally, a crossover
bridge with atwo-way valve would be used at the connection point between the main
distribution piping connections and the tertiary pump (see 4-13A). The crossover bridge
hydraulically isolates the tertiary pumping system in the building from the main
secondary system. The two-way valve ensures that flow through the crossover bridge was
equal to or less than the building flow.

With modern variable-speed technology and control, however, the crossover bridge may
not be necessary. Without the crossover bridge the closest buildings can use available
differential pressure, with the tertiary pumps simply supplementing this when needed (see
4-13B). When using atertiary pump without the crossover bridge, it is sometimes prudent
to add a bypass valve across the tertiary pump so that during periods of high differential
pressure in the secondary piping, the tertiary pump can be de-energized. Tertiary pumps
need to be applied with caution. It is not uncommon that the pressures generated by
tertiary pumps located at the end of along pumping system may induce flow backwards
from the return to the supply in adjacent buildings. A careful hydraulic analysis needsto
be made before applying tertiary pumps to avoid this potential problem.
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Figure 4-13 — Primary/Secondary Variable Flow Piping, Tertiary Pumping
Coil pumping strategies (Figure 4-11). Sometimes variable-speed secondary pumps can
be located directly at the cooling coils thereby decentralizing the pumping and
eliminating the need for two-way control valves. This strategy works best when applied
to large air handling unitsin a distributed design approach. Four coil pumping strategies
are discussed here and shown in Figure 4-11.

If it isdesired to keep constant flow within the coil, athree-way valve can be added to the
coil pump circuit that will allow variable flow between the coil and the common pipe (see
4-11C). Caution must be applied to this approach because the flow through the pump and
coil will vary as afunction of the position of the three-way valve. Flow variations can be
minimized if the pressure drop between the three-way valve and the common pipe are
kept very low. This approach does not save pumping energy and because of the potential
for poor selections with low head coil pumps, the pumping energy may actually increase
compared to other approaches.

A constant-volume pump can be added to the coil and piped in a primary/secondary
configuration with atwo-way valve located in the primary loop (see 4-11B).

A small coil pump can be added to the coil circuit to assure a constant minimum flow
through the coil during periods of low loads (see 4-11D). The minimum flow can be
based on maintaining a velocity above laminar flow conditions. During periods of higher
demand the pump would be off.

Variable-Flow System Design Considerations

This section discusses several design considerations for configuring the primary pumps.
It also addresses the contentious issues of balancing valves and low delta-T syndrome,
and discusses severa options for connecting separate chilled water plants and for
connecting heat recovery chillers.
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Primary Pump Arrangements

There are two basic options for locating the primary pumps (see Figure 4-14) on a chilled
water system:

= Option A or B — Dedicate a pump for each chiller; or

= Option C — Provide a common header for the pumps and two-way isolation valves for
each chiller.

The primary advantage of dedicating a pump for each chiller is that the pump can be
custom-selected for the chiller it serves. Pump selection can then take into account
variations in evaporator pressure drop and flow rates. Adding a standby pump is
cumbersome, however, because it requires extensive piping and manual isolation valves.

The other method is to pipe the primary pumps into acommon header, then distribute the
flow to each chiller. When achiller is* off,” atwo-position valve at the chiller closes. A
variation of thisdesignisto provide aflow control valve on each chiller to ensure that the
flow distribution to each machine is constant (thisis applicable only when the
evaporators have significantly different pressure drops or if for some reason they are
located apart from one another). One advantage of this approach isthat if apump and a
chiller are simultaneously down for maintenance, other pumps can be set up to handle the
available chillers. Adding a standby pump is simple with this piping arrangement.

4-16
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Figure 4-14 — Options for Primary Pumps

Balancing Considerations

Balance valves serve to equalize flow to multiple hydronic circuits. Typically, balance
valves are located at each coil and on major branches of distribution piping. Balance
valves also are sometimes |ocated on the discharge of pumps. In many cases the balance
valves also serve as flow meters.

Constant-flow systems with balance valves are common practice. In variable-flow
systems, however, balancing valves can create problems. The problem is the variation in
flow. There must be flow through a balance valve for the valve to create a pressure drop.
While this seems very simple, consider that the pressure drop through the valve decreases
by the square of the flow. For example, at half flow the balance valve creates a quarter of
the pressure drop. Thisiswhy their use in variable-flow systemsis so problematic.

The simple matter is that balance valves are not required in variable-flow systems. In
fact, neatly balancing a variable flow system can be detrimental to efficient operation of
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the system. Consider, for instance, a branch circuit that takes off the main near the pump.
During full flow conditions, the balance valve on this branch would be cranked nearly
closed because of the excessive pressure. Later during operation, the system flow demand
decreases and the pump speed slows accordingly. But the branch located near the pump
demands full flow. Because the balance valve s creating needless pressure drop while the
pump is producing less than design pressure differential, the branch is starved for flow.
An additional pressure differential controller can be added to the branch to signal the
pump to increase speed so that the balance valve can consume the excess pressure, but
thisisclearly illogical.

Opponents of balance valves argue that if, in fact, the two-way valves at the coils are
doing their job, the system is “self-balancing.” Furthermore, variable-flow systemswith
balancing valves will always use more pump energy than systems without balancing
valves because of the added pumping head.

Balance valve advocates (typically balance valve manufacturers) counter that there will
always be one or more two-way valves wide open due to operator changes to the system
or because for some reason the load is not satisfied, such as during start-up transients
(cool-down). And with the two-way valves wide open, they will consume more than their
fair share of the flow and will starve the coils at the most remote locations. Although this
is areasonable point, opponents argue that rather than adding balancing valves, the core
problem should be fixed or aflow control valve should be added to limit the maximum
flow through acoil.

One of the following options is recommended:

1. For small systems (systems where the pressure drop of the distribution system is
relatively small, e.g., less than about 30 to 50 feet), use two-way valves with no
balancing valves. With small systems, there is less chance that out-of-control two-
way valves will bypass significant amounts of water. Thisisthe least expensive
option and it will be the most energy efficient provided that the two-way valves
remain in control (other than during cool-down transients). Monitoring of valve
position is recommended through the energy management system. Thiswill help
identify any valves that remain open for long periods.

2. Provide flow control valves, which are self-powered flow limiting devices. These
valves have a spring-actuated device that automatically limits flow to a set rate
regardless of differential pressure drop (within agiven range). Thiswill prevent out-
of-control valves from bypassing excessive water. The disadvantage of thisoptionis
that the valves are expensive, have high pressure drops, and generally require a
strainer to protect them from clogging, which adds further to the cost and pressure
drop.

3. Provide pressure-independent control valves at each coil. These valves dynamically
compensate for pressure differential fluctuations (dynamic balance valves), provide
variable flow to the load, and act as maximum flow limiting devices. They operate
very much like a pressure-independent variable-air-volume terminal unit. The valves
have pressure taps that allow flow to be checked in the field. Disadvantages of this
option are the high cost of the valve and the need for a strainer to prevent clogging.

4. Install areverse return (or reverse supply) piping system. With areverse return
system the loads are piped in such a manner that the first load to be supplied with
water isthe last load to give it back. Pressure drop through each circuit (coil) tends
to be equal as short lengths of supply piping have long lengths of return piping and
vice versa. One advantage of this approach compared to options 1 and 2 is that
valves near the pumps are not over-pressurized at low loads. The downside of this
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approach is the amount of piping is amost always greater, which adds first cost and
pump head. Even with then added piping, the cost and pressure may be lessin some
cases than either option 2 or 3, particularly when there are many coilsin the system
(e.g., stacked high-rise hotel room fan-coils).

Notein al four options above, standard calibrated balancing valves are not required and
none of the systems requires any balancing (just minor testing to confirm there is flow).
It is sometimes handy to install these balancing valves for options 1 and 4 to allow flow
rate to be easily checked in the field (without them, flow can be estimated from coil
pressure drop but with far less accuracy). However, if installed they should not be
throttled; rather they should only be used as aflow meter. Asexplained previoudly,
throttling balance valves can actually cause rather than solve balancing problems, and it
should not be necessary if one of the design options described above is used.

Low Delta-T Syndrome

In most variable-flow chilled water plants, it is assumed that “delta-T” (the difference
between return and supply chilled water temperature) will remain relatively constant.
Because load is directly proportional to flow rate and delta-T, the following relationships
apply:
Eq4-1
Q=rinc,DT
=500 GPM DT (IPunits)

If delta-T is constant, it follows that the flow rate must vary proportionally with the load.
Most variable-flow systems are designed based on this assumption and fail to perform
well if the delta-T does not stay relatively constant.

But in ailmost every real-world chiller plant, delta-T falls well short of design levels,
particularly at low loads. The result is higher pump and chiller energy usage. Plants that
have been designed to accommodate high delta-T can fall woefully short of capacity
when it is discovered that the return water is not as warm as it should be. That translates
to wasted first cost for unused plant capacity.

This section addresses the causes of low delta-T and offers mitigation measures. The next
section, Designing Chiller Plants to Accommodate Low Delta-T, explains why low delta-
T isamost always present in chilled water systems and how to design efficient chiller
plants that accommodate low delta-T.

Either aflow-based or aload-based strategy usually controls the sequencing of chillers
and pumps in primary/secondary variable flow chilled water plants:

= The flow-based strategy operates enough chillers and pumpsto ensure that the
secondary system flow to coilsis adequate and that the primary system flow is equal
to or greater than the secondary flow. If the temperature of the return water from the
secondary system is below design (low delta-T) then the chiller entering water
temperature is also below design and the chiller cannot be fully loaded. For example,
if asystem were designed for a 14°F delta-T, but at 50% load the actual delta-T was
only 7°F, both the primary and secondary pumps would be at full flow. There would
be no opportunity to shut down chillers, pumps and cooling towers for energy
efficiency even though the load did not justify this level of operation.

= Theload-based control strategy does not start a new chiller until the operating
chillers are loaded. But with low delta-T, there is no opportunity to load the chiller
(except to increase flow through the chiller). The result is that the secondary flow
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quickly becomes greater than the primary flow, with the consequence that supply
temperatures to the coils rapidly rise. This creates an unstable control cycle in which
the warmer supply water temperature causes the control valvesto open, whichin turn
creates a demand for even greater flow.

The performance (or lack of) of the cooling coil and control valve creates the low delta-T
problem. The solution isto design for maximum delta-T at the coils as much as possible.
Even then, however, low delta-T isinevitable, particularly at low loads. Therefore, the
plant should be designed to accommodate the low delta-T that will occur. The following
are causes of and mitigation steps for low delta-T syndrome:

Low Delta-T Cause 1 - Improper Setpoint or Controls Calibration

Imagine this scenario: the boss complains to the maintenance technician that it istoo
warm in his office. The technician responds by lowering the setpoint on the air handler a
few degrees, thinking that he has solved the problem. Unfortunately, however, the
setpoint is so low that the controller commands the control valve to be 100% open, but
even that may not satisfy the setpoint. (There would be asimilar result if the discharge
controller was set, for example, at a 55°F leaving air temperature but the calibration was
off several degrees.) Table 4-1 shows how even amodest drop in supply air temperature
setpoint from 54°F to 51°F can cause coil flow rate to more than double and delta-T to
drop in half. Thisis probably the greatest single cause of low delta-T syndrome.

Mitigation. Check setpoints and recalibrate controls regularly. Use pressure independent
delta-P control valves or automatic flow control valves on each coil.

Low Delta-T Cause 2 — Laminar Flow in Coils

The heat transfer coefficient in astraight tube is primarily afunction of flow turbulence,
which is described by the Reynolds number, a dimensionless value defined as:
Eq4-2
VDr

Re=—
m

where V isthe tube velocity, D is the tube diameter, r is density of the water, and misthe
viscosity. When the Reynolds number is above 10,000 (2.9 fpsin 5/8” OD tube), flow is
turbulent. When the Reynolds number is below 2000 (0.6 fpsin 5/8” OD tube), flow is
laminar. Between these velocities, flow isin transition, resulting in unpredictable heat
transfer coefficients.

Because the performance of a cooling coil is somewhat unpredictable for flow with
Reynolds number below 3100 (about 1.0 fpsin 5/8” OD tube), ARI does not certify
performance below this number. Conventional wisdom isthat the delta-T will drop
dramatically, as the flow becomes laminar and that there will always be a point where
decreased flow will cause the heat transfer coefficient to increase sharply. Actual
performance of cooling coils may be different than conventional wisdom. Some
manufacturer’s coil selection programs show a slight degradation of the delta-T at low
flows (less than 1.0 fps) but not to the extent one would expect from the heat transfer
textbooks. Testing from several manufacturers (unpublished) corroborates the results of
the computer program. One likely explanation for this phenomenon is that the bends at
the ends of the rows creates turbulence that enhances the thermal performance of the coil.
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Theideathat low delta-T is caused by laminar flow in the coils may be overstated. Yet
prudence dictates that extending the range of fully turbulent flow within the coil should
be a benefit and worth the modest efforts suggested below.
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Figure 4-15—Delta-T at Part Load

Mitigation. Designers specifying cooling coils should not only schedul e the maximum
performance of the coil but should also specify a“low load” coil condition so that coils
are selected with low delta-T in mind. There are three ways to mitigate this problem:

Thefirst solution isto size coilsfor ahigh initial tube velocity. Selecting partially
circuited coils (Y2 or ¥4 circuits) can accomplish thisThe consequence of using this
approach is accepting a higher coil pressure drop. Accepting coil pressure drops of 15
to 20 feet is not uncommon.

Another way to delay the onset of laminar flow isto use coil “turbulators’ or “turbo
spirals.” These are spring-shaped spirals of wire that fit inside the tube to increase
turbulence. One manufacturer claims that turbulators prevent laminar flow for a
Reynolds number as low as 450 (versus 2000). The downside isincreased pressure
drop through the coil, additional cost, and greater potential for fouling.

Finally, coil pumps can be added to the design to maintain either a constant flow or a
constant minimum flow through the coil. Constant flow pumps may increase pump
energy costs because of their small size and low head, and they are inherently less
efficient than larger secondary pumps. Constant minimum pumps are sized to ensure
that the minimum flow through the coil is always above the laminar velocity and only
runs when the control valve has reduced the flow to a predetermined minimum. This
tendsto be a smaller horsepower pump with limited run times so the pumping energy
impact is reduced.

Low Delta-T Cause 3 - Tertiary Connections and Control

Figure 4-13 shows atypical connection from a secondary piping system to atertiary
connection. Thistype of connection is used at the interface of a building when the
building needs more differential pressure than is available from the secondary pumps, or
when the supply temperature of the building isintended to be greater than that supplied
by the secondary system. In this situation the pump is sometimes referred to asa“blend
pump.” The two-way valve is modulated to maintain the supply water temperature in the
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building, which must be higher than the supply water temperature available from the
secondary loop. If the building setpoint temperature is lower than the secondary water
supply temperature or if the control is out of calibration, then in an attempt to satisfy the
load, the two-way control valve will open. The result will be full flow through the
crossover bridge.

Mitigation. Calibrate the controls frequently and add either a pressure independent delta-
P valve or an automatic flow control valve. Consider deleting the crossover bridge and
connecting the tertiary pump in series with the secondary pump.

Low Delta-T Cause 4 — Using Three-Way Valves

Three-way valves by their nature bypass supply water into the return to control
temperatures at the load. As described above in the constant flow discussion, at part load,
three-way valves actually increase the flow to their branch circuit because of thedrop in
pressure from the variation of flow in the coil. This exacerbates the low delta-T problem.
An acceptable design practice isto carefully place afew three-way valves or two-way
bypass valves in the system to ensure a minimum flow for the variable speed secondary
pumps.

Mitigation. Do not use three-way valvesin variable-flow systems. One way to maintain
minimum flow in the system isto strategically place two-position bypass valves across
the supply and return with flow control valves and open these valves only when the flow
at the pumps approaches the minimum flow.

Low Delta-T Cause 5 - Poor Two-Way Valve Selection

Properly sizing the control valvesisimportant in any system, but in variable-flow
systemsit is particularly critical. Manufacturers usually recommend that wide-open
control valve pressure drop be equal to or greater than the pressure drop of the coil plus
the pipe and fittings connecting them to the supply and return mains. Typical engineering
specifications for control valves call for sizing them at a3to 5 psi pressure drop. They
also recommend the use of equal percentage globe valves. As noted in Chapter 5, full
ported ball valves have excellent equal percentage flow characteristics.

Figure 4-16 shows the flow variation as a function of valve stem position for atypical
equal percentage valve. Note that double-seated valves do not provide tight shut-off.
Using high pressure drop cooling coils for low flow conditions means that the typical
control valve pressure drop movesto 7 to 9 psi. A control valve has a“rangeability,”
which istheratio of the maximum controllable flow to minimum controllable flow.
Typical rangeabilities are 40 or 50 to 1. But the design flow for a cooling coail is nowhere
near the “maximum controllable flow,” with the result that in practice the actua
rangeability may be only 4 or 5to 1. Larger valves typically have less rangeability than
smaller valves. Oversized valves do not control well at low flows. During low flow
operation there is atendency to “hunt,” which means that the valve aternately opens and
closes, causing over- and under-shooting of the setpoint. This resultsin very unstable
operation. See Chapter 5, “Controls and Instrumentation,” for a more detailed discussion
of control valves.
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Figure 4-16 — Flow Variation vs. Percent Stem Lift

Undersizing the actuator is another common problem. Manufacturers recommend that
the actuator on a control valve be able to close the valve tightly with a pressure of up to
three times the differential across the supply and return mains at design conditions.
Where valves are located close to pumps on large systems, the requirement may even be
higher. If avalve does not have the correct close-off pressure rating, high differential
pressures in the system may cause the valve to open when that is not intended. This
resultsin excess water flow and low delta-T. In aretrofit application some designers may
be tempted to close off the bypass side of athree-way valve to create an inexpensive two-
way valve. The problem with thisis that the three-way valve actuator most likely will not
have the close-off rating to shut the valve.

Two-position (on-off) control valves such as those used to control small fan coil units are
often blamed for low delta-T problems. If these valves are not equipped with flow control
valves, or piped in areverse return arrangement, they may consume more water flow
when open than the design calls for. With full flow through the coil, at partial loads the
delta-T will invariably be lower than design. But since the air temperature entering the
fan coil unit isfairly constant and is usually not subject to outdoor air conditions, the
delta-T will not degrade significantly.

Mitigation. Control valves must be selected with consideration for the pressure drop of
the load served and the available differential across the supply and return mains. For
larger loads it is more effective to use two smaller control valvesinstead of one larger
valve. This can extend the rangeability considerably, especially when the valve operation
is staggered. If multiple control valves are used they can be split equally (or sometimes a
one-third/two-thirds split will work best). Using pressure independent delta-P valvesisa
very good (but expensive) option, as these valves automatically compensate for excessive
differential pressure and have excellent control of flow over the entire range of operation.
It isimportant to check the shut-off pressure of the valves selected. Normally closed
chilled water valves may require “industrial” grade actuators with large force springs not
only to close against the available head pressures but also to offer stabilized flow control
over the entire flow range. If two-position valves are used, provide flow control valves or
use areverse-return piping system.

Low Delta-T Cause 6 — No Control Valve Interlock
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Sometimes when a pump is shut down, the control power and the control valve remains
operational. The controller will futilely try to achieve the desired space or discharge
temperature until the control valve eventually fully opens.

Mitigation. Interlock the controls so they are disabled during “ off” times. InaDDC
control system thisis a programming issue. In a pneumatic control system, pressure
electric (PE) switches can be added to interlock the controls.

Low Delta-T Cause 7 — Reduced Coil Effectiveness

Coil heat transfer effectivenessis reduced by waterside fouling (e.g., slime, scale, or
corrosion on the inside of coil tubes), airside fouling (e.g., dirt build-up on coil fins),
airside deterioration (e.g., deteriorating fins), non-uniform air distribution across the
cooling coail, and coil bypassair. Any reduction in coil effectiveness increases the flow
rate of water required to deliver the desired leaving water temperature, thus reducing
delta-T.

Mitigation. Waterside fouling is easily controlled by proper chemical treatment. Since the
chilled water piping is most often a closed system, water treatment need not be an
ongoing expense. Reducing airside fouling is a very good reason to consider increasing
the filter efficiencies. Given the proximity of fansto the cooling coil and the need to
change directions quickly within air handling units, it is sometime difficult to achieve
uniform air distribution, but every effort should be made to ensure thisis done. Testing
for proper air distribution across the cooling coilsis an important component of the
commissioning process. (See Chapter 8 on commissioning.)

Low Delta-T Cause 8 — Outdoor Air Economizers and 100% Outdoor Air Systems

One issue very often overlooked as a cause of low delta-T on systems designed for high
delta-T (that is, above 14°F) isthe impact of integrated outdoor airside economizers and
100% outdoor air systems. With these systems, when the weather is cool but not cold
enough to provide 100% of the system’s cooling load, these systems deliver 100%
outdoor air but need a small amount of chilled water to meet cooling demands. Under
these conditions, the air temperature entering the coil islow, causing correspondingly low
return water temperatures. For instance, a coil might be designed for 80°F entering air
temperature with a chilled water return temperature of 60°F. When the outdoor air
temperature is 60°F, it is clearly impossible to maintain a 60°F return water temperature.
A coil onaVAYV system designed for 44°F chilled water and an 18°F delta-T would only
be able to achieve an 11°F to 15°F delta-T at 55°F to 65°F outdoor air temperatures.

Mitigation. In these cases the only alternative available isto accept that there will be
timeswhen low delta-T isinevitable and to design the central plant to accommodate this.
Thisis discussed further in the section, “Designing Chiller Plants to Accommodate Low
DetaT.”

Low Delta-T Cause 9 — Improperly Piped Coils

It is not uncommon to find chilled water coils piped backwards. Instead of being piped in
a counter-flow arrangement, they are piped in a parallel-flow arrangement with water
entering the coil on the same side as the entering air. A coil-piped counter flow can
achieve “overlapping” temperature ranges with the supply air. For example, the leaving
water temperature can enter at 44°F and leave at 60°F while the supply air enters at 80°F
and leaves at 55°F. Figure 4-17 shows the rel ationship between air and water
temperatures with coils piped in both parallel and counter flow. With parallel-flow
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piping, the leaving water temperature will always be afew degrees cooler than the
leaving supply air temperature. Thusif 55°F is maintained, flow must be much higher
and the return water temperature will only be in the low 50s. The desired delta-T would
be impossible to attain.

Mitigation. Re-pipe coils in counter-flow arrangement.
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Figure 4-17 — Impact of Piping Coil Backwards

Low Delta-T Cause 10 — Chilled Water Reset

Chillers are more efficient at higher leaving water temperatures, so when loads are low,
setting the chilled water temperature higher can be an effective energy-saving strategy.
However, high chilled water temperature will reduce coil performance. As aresult, coils
will demand more chilled water and delta-T will be lowered.

Mitigation. The best chilled water reset strategy will vary depending on the plant design,
the chiller performance characteristics, and the nature of coil loads. Smaller plants with
low pumping distribution losses will also usually benefit from chilled water reset. For
large plants with high pumping distribution losses, raising chilled water temperature will
increase pumping energy more than it reduces chiller energy, resulting in anet increasein
plant energy usage. During mild weather when delta-T is bound to degrade because of
low entering air temperature, resetting chilled water supply temperatures down will have
the effect of increasing the delta-T. Large plants may benefit from lowering chilled water
setpoint even below design levelsin mild weather.

Low Delta-T Cause 11 — Uncontrolled Process Loads

A chiller plant in an industrial environment may serve process loads in addition to
cooling coils. Some process equipment have no flow control devices and hence use as
much chilled water when they are “on” asthey do when they are “off.” The system
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designer may not be aware of this. He or she is directed to deliver a certain amount of
chilled water to a process device, but may not understand how the device operates (for
instance, whether it includes any modulating or shut-off controls). When there are no
controls, chilled water delta-T falls whenever these process systems are not at full load.

Mitigation. The designer should work with the process equipment supplier to determine if
controls are present, or if not, whether external, field mounted shut-off valves may be
installed.

Designing Chiller Plants to Accommodate Low Delta-T

The previous discussion shows that low delta-T syndrome is caused by many conditions,
most of which can be avoided by careful design practices (including the proper selection
of cooling coils and control valves) and attentive operation. There are, however,
situations where low delta-T syndrome is inevitable. For instance:

= Putting constant minimum pumps on all coils may not be cost effective.

= Unitswith economizers or 100% outdoor air will at some point produce low delta-T.
= |tisinevitablethat coils will become fouled to some degree.

= Perfectly uniform air distribution on the face of all coils may not be achievable.

Low Delta-T Strategy 1 — Choosing Design Delta-T

When designing variable flow systems to accommodate some degree of low delta-T, a
three-tiered design strategy is recommended.

1. Select cooling coils for the highest delta-T the designer believesis practical. For
example, the coils could be selected for a 15°F to 18°F delta-T. The entering water
temperature at this level could be dightly higher than what is expected at the plant,
such as 46°F for the coil versus 44°F for the plant. The designer must ensure that the
coil will perform the dehumidification duty when selecting the entering water
temperature. Thiswill result in adlightly more massive coil with a somewhat higher
water pressure drop than otherwise.

2. Select the delta-T of the secondary (or tertiary) system so that the system
accommodates the connected load (minus diversity as may be appropriate) and the
design delta-T isreduced 1 or 2°F. For example, if the coil selections are based on
16°F delta-T, the secondary (or tertiary) system flow rate should be based on 14°F
delta-T (that is, greater flow capacity).

3. Finaly, select the primary system at the chillersfor a 1°F delta-T lower than the
secondary system and for aleaving water temperature at least 2°F lower than the
supply temperatures used in the coil selections.

This somewhat conservative design results in pumping capacities and possibly pipe sizes

that are somewhat larger than might otherwise be specified. But this strategy

acknowledges the inevitable deterioration of the cooling coil performance over time. It
also alows the system to continue to deliver the full capacity of the plant under real
world conditions, which are invariably harsher than what many designers expect. The
advantage of this approach isthat if everything does perform according to design, the
system will respond accordingly, and the actual flows and delta-T will achieve the goals
of the design.
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Low Delta-T Strategy 2 — Over-Pump Primary Chillers and Add VSDs

When a chiller plant has multiple machines piped in parallel and the delta-T is lower than
design, the result is that one or more additional chillers must be activated (not because of
load but because of flow). One method of minimizing this phenomenon is to pump more
flow through the evaporators on the primary side. With alower entering water
temperature but a higher flow than design, the machine can continue to perform.
Pumping more flow through the evaporators involves increasing the size of the primary
pumps. Thiswill also increase the head and horsepower of the pumps.

In primary-only systems, thisis avery modest proposal. In primary/secondary systems,
providing a variable-speed drive on the primary pump allows the flow through the
evaporator to vary from a minimum (say, 40% of design) to a maximum (say, 125% of
design). The speed of the pump(s) can be varied to match the flow of the secondary
system so that the chillers always get the maximum water temperature available and the
flow in the common pipe is aways near zero. (For more information, refer to the
previous discussion on variable flow in the evaporator of achiller.) Another way to
accomplish the variation in primary flow through the evaporator isto install atwo-way
control valvein the primary circuit and modulate the valve to provide the variable flow.
A life-cycle analysis could be performed to determine the best approach versus utilizing
variable-speed drives.

Low Delta-T Strategy 3 — Add Check Valve in Common Pipe

Figure 4-18 shows how adding a check valve to the common pipe results in a secondary
flow that can never be greater than the primary flow. If alow delta-T situation occurs and
the secondary flow increases above the primary flow of one chiller, the check valve will
cause the secondary pump to drive the water through the primary pump. The two pumps
will bein series. Normally, the primary pump and evaporator can accommodate
additional flow. When the secondary pump flow increases the primary pump flow, the
primary pump rides on its pump curve to the right. The amount of additional flow
through the primary pump depends on where the primary pump was operating on its
pump curve and on the steepness of the pump curve. The evaporator generally does not
have a problem accommodating a greater flow. Additional pump flows of 25% to 40%
are not uncommon. Adding a check valveis an excellent retrofit opportunity for existing
plants that suffer from low delta-T syndrome.
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Figure 4-18 — Check Valve in Common Pipe

Connecting Multiple Chiller Plants

Many campuses and very large buildings have been constructed with a central chilled
water plant in each building or major addition. Freguently, one or more of these plants
have extra capacity. Also, there are many hours when two or more plants are operating at
very low loads. If these plants were combined, energy savings could be achieved by
running only one plant (or at least fewer machines). Energy savings are available if plants
are combined in such away that new, more efficient, chillers are operated as lead
machines, with the older machines used only for peak loads. Although there are many
design options for combining chiller plants, two methods are shown in this section.

One caution that must be recognized is that when connecting multiple chiller plants, each
plant may have an expansion tank and fill valve for pressure control. Since the expansion
tank represents the “ point of no pressure change,” having multiple expansion tanks in the
combined system can change the pressure characteristics at the expansion tanks. This
may result in unexpected relief valve discharges. A thorough analysis of system
pressures should be made during the design process.

Figure 4-19 shows atypical piping arrangement for connecting two chiller plants from
the primary pumping loop. This method provides atransfer pump with automatic valves
piped in such away that the excess capacity from either plant can be transferred to the
other plant. The flow rate of the transfer pump varies as a function of the flow demand of
the secondary loop that is receiving the excess chilled water. This method is particularly
useful when the differential pressure requirements (in the secondary circuit) of each
chiller plant are significantly different.
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Figure 4-19 — Connecting Two Chiller Plants on Primary Sde

Figure 4-20 shows atypical piping arrangement for connecting several chiller plants from
the secondary pump loop. In this diagram several buildings have chillers and one does
not have achiller. In this method, the differential pressure sensors located in the remote
piping of each loop are used to control the variable-speed drives of the secondary pumps.
Sufficient differential pressure is maintained to ensure adequate flow to remote cooling
coils. Series booster pumps can be integrated into remote piping loops, as shown in the
diagram for the building without the chiller (see Figure 4-20). The bypass around the
pump is used when there is sufficient differential pressure in the mains to satisfy the
building coils without the tertiary pumps.

Experience with these types of systems indicates that the most successful approaches are
those that limit the differential pressure in the interconnecting piping. This may involve
the addition of secondary or tertiary pumps.
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Figure 4-20 — Connecting Multiple Chiller Plants on Secondary Sde

Connecting Heat Recovery Chillers

The heat rejected from the condenser of a chiller can be used for many purposes,
including domestic water preheating, process heating, and building heating. Hesat
recovery chillers are usually sized for asmall portion of the total cooling load because of
the need to have a simultaneous mechanical cooling load and heating load, and because
of the lower cooling efficiency of heat recovery chillers. An unsatisfactory strategy for
incorporating a heat recovery machine into a chiller plant is to pipe the chiller in parallel
with the other chillersin the primary loop. The problem with this approach is that
constant-flow primary chillers will almost always have a percentage of the cold supply
water bypassed into the return, thereby decreasing the temperature of the water entering
the chiller. This decreased entering temperature can diminish the heat recovery potential
(cooling load) of the machine. In primary-only variable flow systems where the flow
through the evaporator is allowed to vary, thisis not as much of a concern.

Another method of dealing with a heat recovery chiller isto pipeit for “preferential”
loading. Figure 4-21 shows a heat recovery machine piped in parallel with other chillers,
but the location of the heat recovery primary pump suction pipeis such that it “ sees’ only
the warmest return water from the system. Any bypass flow will go to the other chillers
unless the heat recovery machineis the only one “on.” A problem with this approach is
that there is no way to effectively unload the heat recovery machine during times when
the heating load is low. The “preferentialy” loaded machine will be required to coal its
full volume of warm return water and because the need for recovered heat islow, most of
the heat will be rejected out the cooling tower. The COP of the heat recovery machine
operating at elevated condenser pressuresis relatively low, resulting in inefficient
operation for cooling purposes.
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Figure 4-21 — Preferentially Loaded Heat Recovery Chiller

Figure 4-22shows a configuration for a heat recovery machine that essentially puts the
machine in series with the remaining chillers in the plant. Warm return water is pumped
to the chiller then back into the return, thereby precooling the inlet water to the other
chillers. The heat recovery machine can remove as much or as little heat asis needed for
the heating load.

Heat recovery systems are sometimes designed to collect as much “waste heat” as
possible during periods of high heating demand. This waste heat may include heat from
exhaust air streams, transformer vaults, or even return air that would otherwise be
exhausted through the relief vent. Sometimes thisis called “false loading” of the
machine. One strategy to control the amount of heat collected (cooled in the evaporator)
isto provide a“load shed economizer.” With this strategy, atemperature sensor in the hot
water heating system signals the need to either reject heat out the cooling tower or to stop
collecting it. Asthe heating water temperature rises, global signals are sent from the
central DDC computer to close off exhaust cooling coil valves, and to open (or allow to
open) outside air dampers (economizer dampers) on air handling units serving various
loads. As much cooling load as possible is shed before the hest is rejected out the cooling
tower.
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Figure 4-22 — Heat Recovery Chiller in Series

Condenser Water Systems

Introduction

In designing energy-efficient central chilled water plants, it is extremely important to
select the proper condenser water system. The efficiency of the chillersis affected not
only by the operation of the cooling towers and associated pumps, but also by the
temperature and quality of the condenser water. In this section the following aspects of
condenser water systems are discussed:

=  Selection of the proper style of cooling tower

= Location of condenser water pumps

= Optionsfor piping multiple chillers and cooling towers
= Integration of waterside economizers

» |ntegration of auxiliary condenser water circuits

= Piping practices for heat recovery chillers

Choosing the Style of Cooling Tower

As shown in Chapter 3, there are numerous commercially available styles of cooling
towers, including:

= Packaged induced draft, axial fan

= Field-erected induced draft, axial fan
= Forced draft, axial fan

= Forced draft, centrifugal fan
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» Closed circuit evaporative cooler, axial fan
» Closed circuit evaporative cooler, centrifugal fan
= Spray towers

When choosing which cooling tower is most appropriate for a particular application, the
following factors should be considered:

Packaged versus Field-Erected Cooling Towers

The type of cooling tower selected will be determined to a great extent by the required

capacity.

= Packaged cooling towers are manufactured to be cost effective and to ship on
standard-size carriers. Typicaly, asingle cell of a packaged tower will handle a
maximum cooling capacity of 650 to 1000 tons at ARI conditions. Larger plants will
require multiple cells.

= |f the chilled water plant is large, field-erected cooling tower cells may be more cost
effective than a packaged cooling tower. Field-erected cooling towers also offer a
greater degree of energy efficiency because the design flexibility makes it possible to
match lower horsepower fans with larger fill volume. Although field-erected cooling
towers offer greater flexibility when the site has physical constraints, they may have
longer procurement times than packaged cooling towers.

Direct versus Indirect Cooling Towers
Asdiscussed in Chapter 3, the direct cooling tower is the most prevalent type of cooling
tower used in the HVAC industry.

The indirect cooling tower is at a disadvantage due to its higher first cost, additional
energy cost, and larger physical size. The indirect cooling tower could be used:

= wherethe condenser water pumps are located remotely from the tower;
= wherethe cooling tower is located bel ow the condensers; or

= whereit is necessary to keep the condenser water free from contamination with dirt
or impurities.

Centrifugal versus Axial Fans

In Chapter 3, the comparison of centrifugal versus axial fansin cooling towers

demonstrates that the axial fan is significantly more energy efficient in cooling tower

applications. The use of centrifugal fans in cooling towers should be limited to situations

where:

» |ow profile towers are required;

= thesiteisconstricted so that clearances for intake air isonly practical with
centrifugal fans; or

= sound traps or other acoustical considerations make the centrifugal fan the only
choice.

Spray Towers

Spray towers are seldom used in the HVAC industry because of maintenance and control
limitations. Spray towers could be used where very quiet operation is required.
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Locating the Condenser Water Pumps

When using adirect cooling tower, the water falls by gravity into the collection basin and
sump. (The sump is a depressed chamber below the collection basin into which the water
flows to facilitate pump suction.) Typically, on a packaged cooling tower the collection
basin and sump are an integral part of the tower. At the outlet to the pump suction there
should be a screen for collecting larger debris and a device for breaking the vortex
created by the suction. From the cooling tower outlet, the water flows into the suction of
the pump. Typically, thereis either a Y-strainer or a basket strainer located upstream of
the pump suction.

When considering the location of the condenser water pump, great care must be taken to
ensure that cavitation does not occur. This usually means that the pump must be in
relatively close proximity to the cooling tower and at alower elevation.

Example 4-2 Net Positive Suction Head

To prevent cavitation at the pump, the net positive suction head available (NPSHA) must
be greater than or equal to the net positive suction head required (NPSHR), as shown in
the following relationship:

NPSHA 3 NPSHR
The NPSHA is given by the following equation:
Eq4-3
NPSHA = H, +Hg +H,, +H;

Where,

Ha atmospheric pressure on surface of liquid that enters pump, ft
Hs static elevation of liquid above center line of pump, ft

Hypa  absolute vapor pressure at pumping temperature, ft

Hs friction and head losses in suction piping, ft

Case 1. Consider an open cooling tower located at sealevel. It has three pumps, each
delivering 1670 gpm at 50 ft of head. The temperature of water leaving the cooling tower
is85°F. The NPSHR is 8 ft, which is taken from the manufacturer’s pump curve. The
NPSHA is calculated as shown below:

NPSHA =H, +H, - Hyp, - Hf =34+4- 1.4- 10.5=26.1

Thisvalue of 26.1 ft is greater than the 8 ft required so there will be no cavitation.

Case 2. Consider the same conditions as Example 1 except that the tower is located at
3000 ft. The value of Hafor 3000 ft is 30.5 ft, which is taken from alook-up table. The
NPSHA is 22.6 ft as calculated below. There will still be no cavitation

NPSHA =H, +H, - Hy, - H; =30.5+4- 1.4- 10.5 =22.6

If the cooling towers are a significant distance from the chillers, the pumps are usually
located adjacent to the cooling towers. This can present difficultiesif the building isin a
freezing climate. Freezing can be avoided by:

= providing a concrete sump (Figure 4-23) below the cooling tower collection basin (a
concrete collection basin below the cooling tower greatly simplifies the suction
piping and eliminates the need for “equalizer piping”); and

= using vertical turbine pumps to move the water back to the machine room (“ canned”
vertical turbine pumps with an integral barrel have been used successfully in this
application).

4-34 CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide, May2000



Design

,ﬁ-uﬁ o
] e =

J] 3Ceeens

Figure 4-23 — Typical Cross-section of Concrete Sump Pit

* Incold regions electric heaters are added to the cooling tower sumps and exposed
piping is hesat traced to provide freeze protection.

Piping Multiple Chillers and Cooling Towers

Maximum and Minimum Flow Rates

When water enters the cooling tower, it is distributed uniformly across the fill by means
of spray nozzles or a gravity distribution basin with properly sized nozzles. Each cell of a
cooling tower has a maximum and a minimum flow rate.

With agravity distribution basin:

= |f theflow is greater than the maximum rate, the water will overflow the distribution
basin.

= |f theflow is below the minimum flow rate, the water will not be distributed evenly
in the basin.

In the minimum flow condition, the portions of the fill without water will have lessair
pressure drop. This causes most of the air to flow through the dry media. The result is
that the cooling tower will not be able to cool the water as effectively asif it were wet. A
side effect is that water droplets will become entrained in the air and will spit out the air
discharge. Some distribution basins are bisected longitudinally with aweir several inches
high to help distribute water evenly during low flow situations.

Because similar problems can occur when using spray nozzles, some manufacturers have
patented spray nozzles that have excellent flow distribution patterns at low flow.

In plants with multiple cooling towers and chillers, the maximum and minimum flow
conditions may create a need for automatic isolation valves on the inlet and/or outlet

piping.
Equalizer Piping and Maintaining Sump Levels

When piping multiple cooling towers, the water flow rate drawn from the sump is never
exactly equal to the amount distributed into the inlet. This can lead to either an
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overflowing collection basin or air entrainment into the suction piping. Design strategies
to help prevent these problems include:

= making every effort to balance the flow into and out of each tower cell; and

= providing an “equalizer line” between sumps.

The equalizer line allows flow by gravity from one basin to the next. Since the force that
moves the water through the equalizer lineis the difference in water level between the
sumps (which is sometimes just several inches), it is essential that the equalizer line be

sized for avery low pressure drop. The equalizer line should be independent of the
suction piping due to the various pressure differentials in the suction piping.

When just two cells are used, an equalizer flume weir gate is usually installed between
towers. A removable cover simplifies maintenance on the sumps. When more than two
cellsare used, an external equalizer line with isolation valvesis necessary.

Automatic isolation valves are required on the suction pipe of the cooling tower when the
pressure drop of the equalizer line causes too great a fluctuation in water level between
cells. Since thisisdifficult to accurately calculate, automatic isolation valves (or
provisions for them) should be installed when three or more cells are used.

Start-up Conditions

After a condenser water system has been shut down, water will drain by gravity from the
inlet piping into the cooling tower basin. Depending on the size of the lines, this volume
could be enough to overflow the sump, thereby wasting valuable treated water.

Conversely, when the pump starts, there needs to be enough water in the sump to fill the
empty piping without drawing the volume so low that air is entrained into the suction
piping. The amount of water moved back and forth during start-up and shutdown must be
minimized by:

= thejudicious selection of pipe elevations;

» the use of automatic valves; and/or

= the selection of the proper size volume for the sump.

Another condition common at start-up is that the water temperature in the sump is too
cold for the chiller. Chillers cannot operate at very cold inlet temperatures. When the
machine requires warmer inlet temperatures than are available, three-way bypass valves
are sometimes installed in the piping going to the tower. The bypass water is diverted into
the cooling tower sump or into the suction piping. Care must be taken to install balance
valvesin the bypass line to create the pressure drop equal to the height of the cooling
tower. To determine if abypass valve isrequired, consult with the chiller manufacturer
about minimum temperature requirements. Another option for cold start-up isto utilizea
variable-speed drive on the condenser water pump.

Piping Option: Dedicated Condenser Pump per Chiller

One method of piping multiple condensers and cooling towers isto dedicate an individual
pump for each chiller (Figure 4-24). This method has the advantage of closely matching
the condenser water pump to the chiller, taking into account that the condensers may
have different flow requirements or pressure drop characteristics. (In this configuration a
dedicated cooling tower could be used for each chiller and pump combination, but the
amount of piping to and from the cooling tower becomes prohibitive.)

Since each condenser water pump shares the common piping to and from the cooling
tower, the flow through the chiller will vary depending on how many pumps are
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operational. An analysis of pump curves and pressure drop characteristics may be
necessary to determineif the flow variation is acceptable. Thisis one of the reasons that
Chapter 3 recommends steep curve pumps for condenser water duty. If the flow variation
is excessive due to long runs of piping (i.e., high piping pressure drop- see Example 4-3
for piping pressure loss calculation), flow control valves (constant volume regulators) are
sometimes used in the condenser water circuits. But using flow control valvesin this
application may not be effective, as they can become fouled over time from dirt and
debrisin the condenser water.
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Figure 4-24 — Dedicated Pump per Condenser

In amultiple chiller arrangement a standby pump (Figure 4-25) is sometimes provided
for redundancy. In this arrangement, adding the standby pump is cumbersome and
requires anumber of added valves.
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Figure 4-25 — Dedicated Pump per Condenser with Sandby
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Example 4-3 Piping Pressure Loss Calculation
Description Flow PipeSize “K” Quant.or Cv Rating DeltaPor Total
(gpm) Factor Length Loss/ 100 ft

Entrance 1670 10 2.00 20
Piping 1670 10 6 2.58 0.2
Tee 1670 18 0.44 2 0.04 0.1
Piping 1670 18 20 0.18 0.0
Tee 3340 18 0.07 2 0.03 0.1
Piping 3340 18 20 0.68 0.1
Tee 5010 18 0.07 2 0.05 0.1
Piping 5010 18 175 1.42 25
Piping 3340 18 10 0.68 0.1
Piping 1670 18 10 0.18 0.0
Piping 1670 10 8 2.58 0.2
Elbows 5010 18 0.22 3 0.18 18
Butterfly valves 1670 10 2 5750 04
Strainer 1670 10 1 1800 2.0
Reducer 1670 10 0.18 1 0.89 0.9
Total 10.5

Piping Option: Pump to Common Header with Isolation Valves

Another option for piping condenser water systemsis to arrange the pumps to discharge
into a common header (Figure 4-26) and to provide isolation valves at each condenser.
As achiller comes on-line another pump is energized and the isolation valve is opened.
Thisworks particularly well when more than three condensers are piped in parallel or the
cooling towers and pumps are located remotely from the chillers. Asin the previous
arrangement, if the piping to and from the condensersis extensive (that is, a high pressure
drop situation), the use of flow control valves at each condenser should be considered.
One advantage of this approach is that any pump can serve any chiller. Therefore, if a
pump and chiller are inoperative at the same time, the remaining operative chillers and
pumps can be matched for greater efficiency.
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Figure 4-26 — Headered Condenser Water Pumps

Adding a standby pump (Figure 4-27) is very simple with this configuration. For large
plants with more than three chillers, the number of condenser pumps can be reduced (for
example, one pump for two chillers), aslong as variable-speed drives are added to the
pumps and valves are controlled to maintain a constant differential pressure at the chiller.
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Figure 4-27 — Headered Condenser Water Pumps with Standby

Piping for Waterside Economizers

A waterside economizer uses cold water generated at the cooling tower to produce chilled
water or process chilled water. Thisis accomplished by running the cooling towersto
produce water temperatures typically 45°F and less during periods of low ambient wet
bulb temperatures. The cold water is pumped through a high effectiveness water-to-water
heat exchanger, usualy a plate and frame type, to produce chilled water at temperatures
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of 50°F or less. The heat exchanger protects the chilled water system from the corrosion,
dirt and debristypical of condenser water.

For systems that do not require the simultaneous operation of the chillers and waterside
economizer, the heat exchanger can be piped in paralel to the condensers similar to
another chiller (Figure 4-28). But to improve performance at no additional cost, the
waterside economizer should be piped to allow simultaneous operation of the chillers and
economizer. (When the economizer is able to operate at the same time as the chillers, it
iscaled an “integrated” economizer.) Figures4-29A and 4-29B show how the
economizer is piped for integrated operation. Integrated economizers are more efficient
for two reasons:

» The economizer can provide some pre-cooling of the return chilled water temperature
even if it cannot provide al of the cooling. With the non-integrated design (Figure 4-
28), either the economizer provides the entire cooling load or none of it.

= Thechilled water entering the heat exchanger is warmer in the arrangement shown in
Figure 4-29A than that in Figure 4-29B, particularly for variable-flow systems. This
improves the effectiveness of the heat exchanger.

The design in Figure 4-29A is used when the secondary pumps (or primary pumps on a
primary-only system) have variable-speed drives. These pumps must be sized for the
distribution pressure drop plus the pressure drop through the heat exchanger. When the
economizer is not required or the towers cannot generate cold enough water to make the
economizer useful, the valve labeled V-1 is opened, and the secondary pumps can slow
down as the heat exchanger pressure drop is removed from the circuit.

The design in Figure 4-29B is used when the secondary pumps do not have variable-
speed drives. In this case, the heat exchanger has a dedicated pump pipedin a
primary/secondary manner so that the pressure drop of the heat exchanger is not seen by
the secondary pumps. The heat exchanger pump runs when the economizer is able to
provide free cooling and is off otherwise. This design can aso be used when the
secondary pumps have variable-speed drives, but it will cost more than the designin
Figure 4-29A and the effectiveness of the economizer can be reduced when the secondary
circuit flow is less than the heat exchanger pump flow since that reduces the entering
water temperature to the heat exchanger.

In both the integrated and non-integrated designs, the heat exchanger is generally not
provided with its own condenser water pumps. Since the load will be low when the
weather is cold enough for the towers to deliver cold water, it should not be necessary to
run both chillers, so one of the chiller pumps can serve the heat exchanger.

When using waterside economizers, some type of chiller head pressure control isrequired
because of the cold water coming off the cooling tower. Thisistrue even for non-
integrated economizers: even though the chiller and economizer will never operate
simultaneously, the chillers will still have to operate with cold tower water at the
changeover point where the economizer can no longer handle the load and the chillers are
started. At that time, there isusually too much mass of cold water in the system for the
chiller to warm it up beforeit trips on low head pressure.

There are several waysto provide head pressure control, but the |east expensive and most
effective is generally that shown in Figures 4-29A and 4-29B. The automatic isolation
valve (which is used to shut-off flow to the chiller when it is off) doubles as a head
pressure control valve, throttling flow through the chiller to maintain head pressure.
(Thisisusually done by taking asignal from the chiller control panel directly, but head
pressure can be controlled indirectly by controlling the water temperature leaving the
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chiller.) Another option for head pressure control isto vary the flow through the
condenser by modulating the speed of the condenser water pump.

In most climates, the airside economizer will be more efficient than the waterside
economizer since it does not require the operation of tower fans and chilled and
condenser water pumps. Also, the approaches of the many heat exchangersin the
waterside economizer system (condenser water temperature to outdoor air wet-bulb
temperature, chilled water temperature to condenser water temperature, and supply air
temperature to chilled water temperature) usually result in fewer hours of waterside
economizer operation than airside economizer operation. Outdoor air economizers can
also provide improved air quality by increasing outdoor air rates. On the other hand,
waterside economizers can be more efficient than airside economizersin hot, dry
climates (e.g., Palm Springs) due to the very low wet-bulb temperatures, and they are
ideal for applications requiring wintertime humidification (e.g., data centers).
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Figure 4-28 — Water Sde Economizer, Non-integrated
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Figure 4-29 — Water Sde Economizer, Integrated

Auxiliary Condenser Water Circuits

In some facilities with chilled water plants, condenser water is used for purposes other
than the chillers, such as process cooling water. Because of the poor quality of the
condenser water, it must be determined whether a heat exchanger should be incorporated
into the process cooling water circuit or whether the condenser water can be used
directly. If aheat exchanger is used, it can be piped into the condenser water circuit in
parallel with the chiller condensers, similar to another chiller.

If the water can be used directly in the process |oop, a primary/secondary piping
arrangement may be most suitable. In this configuration the secondary |oop can be
constant or variable flow. The pressure drop isindependent of the primary loop. In cases
where the requirements for the auxiliary water circuit are fairly low, care must be taken in
selecting the flow through the primary circuit to ensure that the flow is equal to or greater
than the minimum flow of one cooling tower.
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Figure 4-30 — Auxiliary Condenser Water Loop
Piping Heat Recovery Options

Heat rejected from chillers can be used in numerous ways, including preheating domestic
hot water and—uwith the use of double-bundle heat recovery chillers—heating buildings.
In the case of preheating domestic hot water, the condenser water is routed through a
double-wall heat exchanger that is either an integral part of a storage tank or is remotely
located with a circulation pump to the storage tank.
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Figure 4-31 — Preheat of Domestic Hot Water
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For heat recovery chillers, the piping of the cooling tower side of the double-bundle
condenser involves using a three-way valve that controls the water temperature leaving
the heat recovery side of the double-bundle condenser. In a double-bundle heat recovery
condenser, the hot gas from the compressor first enters the heat recovery side of the
condenser where the building’ s heating system removes the heat at a suitable temperature
(105°F to 130°F). If al of the heat from the chiller is not rejected in the heat recovery
bundle, the leaving heating water temperature (and refrigerant pressure) will rise above
set temperature. Thiswill cause the temperature controller to modulate the three-way
valve on the cooling tower side of the condenser to maintain set temperature. A balance
valve must be provided on the bypass line that goes back to the pump suction.
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Figure 4-32 — Piping for Double-Bundle Heat Recovery Chiller

Heat recovery chillers have limited unloading capability when in the heat recovery mode
due to the high condensing temperature level. If the cooling load is small relative to the
design chiller capacity, hot gas bypass must be used to prevent surge, severely increasing
energy usage. Therefore, where heat recovery chillers are used, it isimportant to install
one or more non-heat-recovery chillers. The more efficient non-heat recovery chillers
can be operated at low loads when there isinsufficient load to keep the heat recovery
chiller on without hot gas bypass. They can also be run when the cooling load exceeds
the capacity of the heat recovery chiller.

Using chiller heat recovery for space heating and using economizers (air or water) are
generally mutually exclusive because the economizers will keep the chillers from
operating in cold weather so there is no condenser heat to recover. During cold weather
when the heating load is equal to or greater than the amount of heat rejected from the
chillers, it can be shown that using heat recovery chillers will be more energy efficient
than airside economizers and gas-fired heating systems. In most commercia buildings,
the cooling load will be small in cold weather since only the interior zones need cooling
and their loads are usually relatively small. Inthis case, heat recovery will be more
efficient than economizers. But as the weather gets milder, heating loads get smaller
while cooling loads can get larger as some sunny perimeter zones switch from requiring
heating to requiring cooling. At this point, economizers begin to outperform the heat
recovery system. On an annua basis, economizer systems tend to be more energy
efficient in mild climates because:

» The heating season isrelatively short and mild.
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» |ntegrated economizers reduce energy usage even when heating is not required. For
instance, in mild weather (55°F to 65°F), integrated economizers will reduce the
cooling load, which can be substantial since both interior and perimeter zones will
require cooling in this case, while a heat recovery system will do little since heating
loads are very small or nonexistent. In California s mild climate, a substantial
number of building operating hours fall into this temperature range. (In very mild
climates like San Francisco’s, more than 85% of the operating hours fall into this
range.)

As noted above, heat recovery chillers have limited unloading capability when in the heat

recovery mode, often requiring the use of hot gas bypass. When doing so, the chiller is

essentialy acting like a costly electric resistance heater.

Heating systems using recovered heat must be designed for low temperatures (e.g.,
110°F) and low temperature differences because of the limits of the heat recovery
condenser. Thiswill increase hot water flow rates and may require larger heating coils,
increasing both air and waterside pressure drops and thus increasing fan and pump
energy.

If thereisalarge constant heating load, such asthat for domestic hot water in a hotel,
heat recovery will probably outperform economizer systems. A detailed computer
analysis would be required to evaluate the two design optionsin this application. Itis
important to include maintenance costs in the analysis since heat recovery systems
require the chiller to operate all day long, all year long, increasing the maintenance costs
and reducing the service life of this expensive machine.

It is possible to combine economizers and heat recovery to maximize energy savings.
The heat recovery mode is used, with economizers locked out, when the heating load is
large enough (e.g., when OAT<55°F) and the economizer mode is used during milder
weather. However, the first costs of this design can be prohibitive so it is seldom used.
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5. Controls and Instrumentation

Introduction

Chapter 5 explores the many design and performance issues that design engineers
face when selecting controls and instrumentation for chilled water plants. This
chapter begins with a discussion of some general factors that should be considered
when designing and installing control systems, including:

= theeffect of the plant’s operating environment on control and instrument
performance;

= theimportance of finding the optimal level of instrumentation; and

= guidelinesfor selecting control and monitoring points.

To maintain stable and effective plant operation, designers must ensure that the
instruments are of high quality and are sufficiently accurate and reliable. Also, the
chilled water plant’s control system must have sufficient programming and data
manipulation capabilities. This chapter coversin detail the following topics related to
controls and instrumentation in chilled water plants:

» Types of sensors available for energy monitoring and control
=  Styles of and selection criteriafor control valves

= Controller requirements and interfacing issues

» Theimportance of performance monitoring

» Typesand configuration of local instrumentation
= Control sequences for chilled water plants

Choosing Instrumentation Control & Monitor Points

If the control and monitor instrumentation points are not carefully chosen, the system
may suffer from either under- or overinstrumentation. Either of these can be a serious
problem, though they may affect different aspects of the system’s operation. An
underinstrumented system may be difficult to control optimally, whereas an
overinstrumented system may be confusing to the operations staff, expensive, and
difficult to maintain. Although designers may be tempted to provide more rather than
fewer control and monitoring points, it’simportant to remember that additional
points do not guarantee that the system'’s performance will be acceptable.

Point Justification

The selection of control and monitor points should be based on a careful analysis of
the chiller plant’s control and operating requirements. Each point must meet at least
one of the following criteria:

* |t must be necessary for effective control of the chiller plant as required by the
sequence of operations established for the plant;

* |t must be required to gather necessary accounting or administrative information
such as energy use, efficiency, or run time; or
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» |t must be needed by operations staff to ensure that the plant is operating properly
or to notify staff that a potentially serious problem has or may soon occur.

Because each plant has individual operating requirements for staffing, accounting,
operations and maintenance, there is no single standard for determining exactly what
instrumentation is required for any plant. However, it'simportant to remember that
more is not necessarily better.

The purpose of each point should be considered. For example, points such as supply
and return chilled water temperature would require a higher accuracy if they are used
to track chilled water production, than if they were just used to control chiller
operation. Other points may require certain additional equipment such as power
transducers that are needed to calculated and trend power use. All aspects of each
point should be carefully considered to ensure desired performance. Work is
currently underway to develop guidelines for accuracy requirements for chilled water
plant instrumentation used for various functions. Some of theinitial results of that
work for chilled water plant operation and control are presented in this Guide.

Some equipment, such as chillers and variable-speed drives, have built-in controls. It
may be possible to access the built-in control and monitoring points and avoid the
cost of installing redundant control points as part of the energy management system
(EMS). For instance, the chillers have controls that will include chilled and
condenser water temperature sensors. If datafrom these sensorsis accessible to the
EMS system, the installation of additional sensors can be avoided. Accessing these
built-in points generally requires an interface or “gateway” between the EMS and the
built-in equipment controls. In most instances, the cost of the gateway is lower than
the cost of installing redundant sensors, particularly when multiple equipment of the
same type (e.g., chillers) areinstalled, since only one gateway is usually required.
See the later section, Interfacing with Chillers and Chiller Networks.

Operating Environment for Controls and Instrumentation

Chillers and other plant equipment generate heat and vibration that may adversely
affect controls and instrumentation. Also, routine maintenance may expose certain
areas in the plant to substantial water and debris. The controls and instrumentation
should be located away from areas where they might be subject to temperature or
mechanical damage during plant operation and maintenance activities. If such
locations are not available, then the equipment must be protected from adverse
environmental conditions.

Network Connections to Equipment Instrumentation

Sensors

Thereisastrong trend for plant equipment to incorporate factory-installed
instrumentation that can be accessed through network connections. This enables
control and monitoring functions to occur over the network. In such instances, it may
be difficult to obtain technical data on the instrumentation or the accuracy and/or age
of data. To ensure that network connections meet the requirement for data accuracy
and time response, the specification must clearly state that the requirements apply to
control/monitoring point to the network connection.

Sensors are used in chilled water plants for avariety of measurements, including:
=  Temperature

5-2
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*  Humidity
» Liquid Flow
=  Pressure

= Electric Current
= Electric Power
=  GasFlow

The sections below discuss the end-to-end accuracy requirements and the types of
sensors available for each type of measurement, their measuring characteristics, and
specia factorsto consider. Installation and calibration information is also provided.

Typical End to End Accuracy Requirements

Typica and suggested end-to-end accuracies for common chiller plant control points
are shown in Table 5-1. These accuracies are readily achievable with common
commercial DDC systems and are usually all that is required for acceptable plant
performance. Increased accuracy may be achieved but usually at added cost.
Additional discussion on accuracy requirementsisincluded in specific sensor
sections.

Table 5-1 — Typical End-Use Accuracy

Measured Variable Reported Accuracy
Outside Air Dry-Bulb Temperature +2°F

Water Temperature +1°F

Water Delta-T (supply to return) +0.25°F

Relative Humidity +5% RH

Water Flow +5% of full scale
Water Pressure +2% of full scale
Electrical power 2% of reading

Temperature Sensors

Types of Sensors

Thermistors and Resistance Temperature Detectors (RTDs) are the most common
devices used for temperature measurement in chiller plants. Both are actually RTDs,
although thermistors typically have a negative resistance/temperature characteristic
with respect to temperature. Thermistors and RTDs each have advantages and
disadvantages, but when properly applied either may be used measure temperature.
The following issues may impact the choice of temperature sensor:

Direct digital control (DDC) interface. An interfaceis usualy required to link RTDs
to most DDC controls. Thisis because the resistance change in response to
temperature for RTDsistoo small to input directly to typical digital controls. The
interface is an external transmitter circuit that isincluded with most RTDs. The
output of thiscircuit islinear and usually available as an industry standard such as 4-
20 maor 0-5 vdc. The interface reduces uncertainty when the sensing instrumentation
and the control systems are supplied by different manufacturers. Some DDC systems
are able to take data directly from RTD devices, obviating the need for atransmitter.
Such DDC systems usually work with certain “standard” thermistors. The connection
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is easy, inexpensive, and accurate, because the preset scaling ranges on these systems
can automatically adjust for the non-linear scale. For such DDC systems, thermistor
temperature sensors are very cost effective.

Cost. RTDs generally are more expensive than thermistors.

Precision. Since the resistance change in response to temperature change is generally
higher for thermistors than RTDs, they are slightly more precise. However, the added
precision iswell beyond the limits of most air- and water-sensing applications. For
chiller plants, both RTDs and thermistors provide adequate precision.

Long-term stability. RTDs are more stable in the long-term than thermistors.
However, the external transmitter circuit on many RTDs can cause readings to drift.
At elevated temperatures, the stability of thermistorsis reduced. However, at
temperatures typically found in chilled water plant systems, both RTDs and
thermistors are very stable.

The following table compares the features of RTD and thermistor temperature-
sensing devices:
Table 5-2 — Comparison of RTD and Thermistor Temperature-Sensing Devices

Type Range Cost Stability Sensitivity Linear
RTD -260 to 650°C Moderate High Moderate Yes
Thermistor -8010150°C Low Moderate High No

Measuring Characteristics

Both accuracy (the ability to measure an actual value) and resolution (the ability to
sense changes in the value) need to be considered together in selecting temperature
sensors. If accuracy is considered without looking at resolution, or vice versa, the
measurement objective may not be satisfied. The temperature-measuring deviceis
among the strongest factors in determining the overall integrity of the measurement
requirement. Other factors are:

» the means of transferring the signal from measurement device to control system;

» thesigna span and number of bits used in the control system’s anal og-to-digital
converter; and

= the change of value threshold and/or timing required for the networked point
reporting or for the control system to notify programs, displays, etc. that avalue
change has occurred.
Whenever possible, it is useful to specify “end-to-end” measurement property
regquirements. When using temperature measurements for control functions, accuracy
is based on the sensitivity of the plant’s operating cost to potential errorsin the
measurements. When using temperature measurements for load or efficiency
calculations, measurements would generally need to be more accurate, in order to get
meaningful results. For example, to determine cooling load, supply and return
chilled water temperatures would need to be about 0.1°F accurate, in order to
calculate cooling load within 2%. For many control points, however, 0.5°F to 1.0°F
end-to-end overall accuracy is quite adequate.

Indirect well temperature sensors are recommended for measuring water
temperature, so that the sensor may be removed from the well for calibration or
testing. The wells should be stainless steel. Here are recommended guidelines for
installing well temperature sensors:
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= Place the temperature sensor in awell that penetrates the pipe by the lesser of
half the pipe diameter or four inches.

» |nstal the sensor in the well with a thermal-conducting grease or mastic.

» Useaclosed-cell insulation patch that is integrated into the pipe insulation
system to isolate the top of the well from ambient conditions but allow easy
access to the sensor.

= Locate wellsfar enough downstream from regions of thermal stratification or
mixing so that the fluid's temperature is uniform at the well.

= For field calibration and testing, consider using a sensor and well combination
that allows insertion of afield test element alongside the sensor, or a second well
or test tap adjacent to the sensor well for this purpose.

Special Considerations when Measuring Differential Temperature

Where sensors are used to measure differential temperatures, special attention must
be paid to measurement accuracy. The sensors should be located near one another so
that field calibration or testing can be done simultaneously using the same thermal
test medium.

“Matched” temperature sensors are available with almost exactly duplicate
temperature/output characteristics. Alternatively, field calibration can be used to
equalize sensors that are not perfectly matched.

Calibration

There are two approachesto calibration that each has merit, depending on how
critical the measurement applications are:

Pre-calibrated. For non-critical measurement applications, it may be satisfactory to
rely on the manufacturer’s “temperature tolerance” limit for the sensor supplied.
Factory-established temperature tolerance limits generally range about +/-0.5°F for
RTD and thermistor sensors. Some manufacturers use the term “pre-calibrated” to
refer to the tolerance limit. However, this pre-calibration does not account for al the
factorsinvolved in the end-to-end measurement characteristics of the sensor (see
Measuring Characteristics above).

Field-calibrated. It is recommended (and required for critical measurement
applications) that each temperature sensor be field calibrated as part of the
commissioning and startup process (see Chapter 8 for information on
commissioning). Because of the limited rangeability of most chiller plant
temperature-sensing requirements, a single-point calibration is often adequate. Field
calibration procedures can be combined with inspection and testing procedures. An
end-to-end field calibration of all devices can enhance the overall accuracy of the
system.

Humidity Sensors

Types of Sensors

A wide variety of sensors are available to measure humidity. In chiller plants, the
outdoor wet-bulb temperature is sometimes needed either for operating sequences or
efficiency calculations. Sensors are available that measure wet-bulb temperatures
directly, but these are generally more expensive and require more frequent calibration
and maintenance than humidity sensors. For chiller plants, a standard humidity sensor
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is recommended; the wet-bulb temperature can be cal culated using an empirical
conversion formula. See Special Considerations below.

The two most common types of humidity sensors are the bulk polymer and the thin-
film capacitance sensors. The bulk polymer sensor changes resistance; the thin-film
capacitance sensor changes capacitance as relative humidity changes. Both types of
sensors are widely used for indoor and outdoor humidity sensing and are well suited
to most applications. For outdoor humidity-sensing applications, it isimportant that
the sensor be specifically designed for outdoor use and that it be protected from
direct sunlight and other adverse effects (follow the manufacturer’s
recommendations). Some sensors designed for outdoor service can be purchased with
a protective enclosure.

Measuring Characteristics

Humidity sensors can typically be provided with 1%, 3%, or 5% RH accuracy, and
most offer either a 0-5 vdc or 4-20 ma signal. The accuracy required depends on the
intended use of the sensor’ s data. However, for typical chiller plant control, 3%
accuracy for RH sensors is adequate.

Installation

For outdoor humidity-sensing applications, the humidity sensor should be installed
along with an outdoor air temperature sensor in alocation where they are both always
protected from direct sunlight and from the building’ s air exhaust. They should also
bein awell-ventilated area. For certain buildings or facilities, it may make senseto
use multiple sensors; logic in the control system can determine which valuesto use.

Special Considerations

When wet-bulb temperature is desired, aformula or table function should be used to
convert RH and dry-bulb temperature readings to wet-bulb temperature. The
following formula was developed by The Hartman Company for converting relative
humidity to wet-bulb temperature for chiller plant operation purposes.

Eq5-1
4 N . .4 3
WB=DB- 4- ﬁg' 0.324" DB- 4- ﬁg . _DB”
100¢g 100 85,000

Where,
WB = wet-bulb temperature,
DB = dry-bulb temperature, and
RH = relative humidity

The above formula provides a cal cul ated wet-bulb temperature within 0.5°F of the
true wet-bulb temperature for any humidity conditions and for dry-bulb temperature
up to 100°F.

An dternate equation for non-arid climatesis.
Eq5-2
WB =0.315" (DB) (RH)" 0.25

Where,
WB = wet-bulb temperature,
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DB = dry-bulb temperature, and
RH = relative humidity
Calibration

When humidity sensors are used to control a cooling tower or other chiller plant
equipment, the outside air humidity sensor must be field tested initially and at
intervals recommended by the manufacturer to ensure that it is providing an accurate
signal. It isrecommended (and required for critical measurement applications) that
the outside air humidity sensor be field calibrated as part of the commissioning and
startup process (see Chapter 8 for information on commissioning). Also, a portable
humidity-sensing device should be used to check the accuracy of the humidity sensor
at least at the start of the cooling season each year.

Liquid Flow Sensors

Types of Sensors

Fluid flow measurement can be a difficult and costly instrumentation item for a
chiller plant. Flow meters are expensive to install and set up, and their placement
requires great carein order to obtain good flow readings. Also, the cost of keeping
flow meters calibrated and fully operational may be high.

Though more expensive than other options, a magnetic flow meter or “magmeter” is
often an excellent choice for chiller plant flow measurement. It is highly accurate
over an extremely wide range of flows and is somewhat |ess sensitive to the flow
profile at the measurement point than other meter types. Also, because it has no
moving partsit is relatively maintenance free.

Orifice meters require a pressure drop, which increases energy use, and therefore
they are not recommended. Paddle, turbine, and to alesser extent vortex meters are
subject to fouling and mechanical failure. An ultrasonic meter may provide erroneous
readings at times if air or other particles pass through the meter.

Table 5-3 compares various types of liquid flow sensing devices:
Table 5-3 — Comparison of Liquid Flow Sensing Devices

Type of Flow Meter Range of Flow First Cost M easurement Maintenance
(turndown ratio) Accuracy Costs

Orifice Low (5:1) Medium Low Medium

Insertion paddle Low (10:1) Low Low Medium

Insertion turbine Medium (30:1) Medium Medium Medium

Vortex meter Medium (30:1) High High Medium/low

Insertion magmeter High (50:1) Medium Medium Low

In-line ultrasonic Highest (1000:1) High High (+/-2%) Low

In-line magmeter Highest (1000:1) High Highest (+/-1%) Lowest

Measuring Characteristics

Generally, the most important flow measuring characteristics are range and accuracy.
Design specifications must include the required range of flow velocities. Also, the
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design engineer must fully understand the expected error at various flow levelsto be
certain the device chosen will meet al requirements.

Installation

The manufacturer’s requirements for placement and installation must be carefully
observed to ensure an accurate flow measurement. Because flow measurements often
require specific upstream and downstream lengths of undisturbed straight piping, it
may be necessary to pay special attention to the piping layout during plant design and
construction.

Special Considerations

Where flow meters are intended to measure flow that may be bi-directional under
certain circumstances, special attention must be paid to the design and equipment
layout and specifications so that both the flow and direction can be determined with
acceptable accuracy.

Calibration

Calibrating flow metersin the field can be very difficult and, more often than not, is
impractical or impossible. Calibration of any device requires field measurement of
the measured variable with a device that is substantially more accurate than the
device being calibrated. With flow measurements, it is often hard to find an
acceptable location for the flow meter, one with adequate length of straight piping
both up and downstream of the device. It istherefore very seldom possible to locate
an additional, temporary flow sensor in the system in order to calibrate the installed
sensor. Strap-on ultrasonic meters are often considered, but they are very difficult to
properly use and, at least with current technology, are not usually more accurate than
the installed flow meter and therefore not appropriate for usein calibration. Use of
pump curves, differential pressure across known devices (such as chillers), or
calibrated balancing valves at pumps or coils also are not accurate enough for
calibration. However, al or some of these can be used as a“reality check” to verify
that the flow meter is reading in the proper range, and often that is al that can be
doneinthefield. Thereforeitisimportant that flow meters be accurately factory
calibrated. A minimum of three-point factory calibration should be required for each
flow meter.

Field test procedures can be combined with inspection and testing or balancing and
commissioning procedures to minimize costs and duplication of effort. (See Chapter
8 for information on commissioning.)

Pressure Sensors

Types of Sensors

Pressure sensors for water-sensing applications have special requirements. Because
water is not compressible and is high in mass, transient pressures resulting from
valves opening or closing and pumps starting and stopping can be severe at certain
times and places in the system. Also, turbulence—especially near pump discharges—
may cause pressure measurement fluctuation.

The two most common means of sensing pressure for fluid conditions are
capacitance and piezoresi stive sensors. The piezoresistive sensor employs a small
solid-state device whose resistance changes with pressure, while the capacitance
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sensor measures pressure by the strain of asmall diaphragm, which is usually
stainless steel. Generally the piezoresistive sensor is less sensitive to mounting
vibration or shock but lesstolerant of pressure transientsin the fluid it is sensing.
Both types are widely used in water pressure monitoring applications.

Measuring Characteristics

Generally, the most important pressure-measuring characteristics are the sensor’s
pressure range and the accuracy of its pressure measurements. It isimportant to
include the required pressure range in the specifications for each pressure-sensing
device. The maximum operating pressure aswell as burst pressure are a'so
important considerations for sensors that are used with high static pressures and/or
high dynamic loads. Most manufacturers offer avariety of pressure ranges for their
sensors, and many permit splitting the range in differential pressure-sensing
applications so that the sensor can measure bi-directional pressure changes. Standard
commercial grade sensors offer excellent accuracy, usually 1% or less of the
specified pressure range.

Installation

The pressure taps, lines and sensor should be installed in alocation where they are
accessible but will not interfere with access to pumps, valves, chillers or other
equipment. Also, the sensor should be mounted in alocation that is not subject to
physical harm, such as mechanical shock or water damage. Special attention should
be taken to ensure that valves are installed on all taps so that each sensor can be
easily isolated for maintenance or testing. Sensitive differential pressure sensors may
require a cross-feed manifold connection to equalize the differential pressure while
connecting or disconnecting the sensor.

Special Considerations

It may be desirable to monitor the “gauge” pressure (in which case the reference
pressure is the ambient air) or adifferential pressure (in which case the reference
pressure is another wet source). The exact nature of the sensor requirements should
be clearly noted in the specifications with a precise description of the location of the
tap or taps. Whenever possible, the tap locations should be shown on drawings, and
the taps should always be located as close together as practical.

Calibration

Generdly, factory calibration of pressure sensors is adequate for most pressure
measurement applications. It is recommended that each pressure-sensing device be
field tested during startup and balancing to confirm its accuracy at both zero pressure
and at least one typical pressure condition. Field test procedures can be combined
with inspection and testing or balancing and commissioning procedures to minimize
costs and duplication of effort (see Chapter 8 for information on commissioning).

Electric Current Sensors

Types of Sensors

The universal means of sensing AC current is the current transformer or CT. As
current passes through this device a small voltage is generated which is proportional
to the current that is being measured. There are both digital and analog versions of
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electric current sensors. The digital sensor (usually called a current switch) provides a
binary signal (contact closure) aslong as the current is above a preset value. The
analog sensor (usually called a current sensor or current transducer) provides an
analog signal (usually 0-5 vdc or 4-20 ma) that can be scaled to read the current

draw.

Measuring Characteristics

Although an analog current transducer is somewhat more expensive than a digital
version, the analog signal provides much better information for the operator and is
recommended over the digital version for most current-sensing applications. In
addition to on/off status, the analog sensor can also be used to provide alarms at
overcurrent as well as undercurrent conditions. For equipment with arelatively
constant power factor, analog current sensors can be used to estimate power
consumption. However, for major equipment in chiller plants, it is recommended that
apower sensor be used for that purpose.

While the analog sensor provides more information, the digital sensor or current
switch isless expensive and very commonly used where simple on/off statusisall
that is needed. It isalmost always a better status indicator than a differential pressure
sensor or flow switch for several reasons:

= |tislessexpensive due to substantially lower costs for installation and wiring.
DP (differential pressure) and flow switches require installation into the piping
(or duct) and are usually along way from the DDC panel. Current switches are
more easily installed, particularly those with split core CTs, and are mounted in
the starter panel, which is usually close to the DDC panel.

= A DP switch for apump (or fan) may indicate pressure when in fact thereis no
flow. This can happen when avalve (or damper) is close but the pump (or fan) is
gtill on. The current switch setpoint can usually be set to a current higher than
the power draw when the pump (or fan) is dead-headed (no flow).

» The current switch setpoint can also be set to a current higher than the motor’s
no-load current so that it still can be areliable indicator of acoupling (or belt)
failure.

= Current switches are solid-state devices with no moving parts or digphragms, and
are therefore much more reliable than DP switches or flow switches. They aso
reguire no maintenance and last longer.

Because of these advantages, there is seldom a need for DP switches as status
indicatorsin chilled water plants.

Installation

For current-sensing applications, the CT should be located in the motor control center
(MCC) of the plant whenever possible. Sensing equipment should be mounted so that
it is accessible and does not block access to other devices.

Special Considerations

In three-phase applications, a CT is mounted only on one leg of the power. The motor
starter provides single-phase protection and will automatically shut down the motor if
one phaseislost.

5-10
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Calibration

Factory calibration of AC current sensors is adequate. However, many AC current
sensors have multiple ranges that are set with small switches or jumpers on the
device. It isrecommended that field test procedures be combined with inspection and
testing or balancing and commissioning procedures to ensure that the equipment is
correctly connected and that each device is properly set and scaled.

Electric Power Sensors

Types of Sensors

Two major types of sensors are often used for power monitoring. The “kW demand”
sensor provides an analog output (usually 0-5 vdc or 4-20 ma) that indicates the
instantaneous rate of electricity use. The “kWh consumption” sensor provides a pulse
signal that indicates the number of kilowatt-hours of electricity that have flowed
since the last pulse. Both types of sensors have the same components. For three-phase
applications, these sensors include current transformers and voltage measurement
tapsfor each leg.

Newer sensors transmit monitored information over a network. This allows multiple
meters to be connected together on the network. A single port connection links the
meters to the plant monitoring and control system. Networked meters are more
expensive than non-networked sensors but may reduce interfacing costs when
multiple meters are needed. The networked sensor usually provides both kw and
kWh information, and often much more (see Special Considerations below).

Measuring Characteristics

The chilled water plant designer must determine whether the application callsfor a
sensor that provides kW, kWh or both types of data. An instantaneous KW reading is
most useful for determining the status of the equipment whose power it monitors. It is
also useful if the plant operations staff will require a continuous, real-time chilled
water production efficiency reading (such as a COP or kW/ton).

It ispossible for the controller to integrate kW readings to devel op periodic kWh
data. However, if akWh reading isrequired for billing purposes, it is best provided
by a kWh reading taken directly from the meter or by a pulse output sent to the DDC
system. Because this data contains continuous time integration, these measurements
will be more accurate.

Most kW and kWh meters provide better than 2% accuracy, which is suitable for
verifying the plant’ s energy use. However, in applications that involve monitoring the
power of motors that are operated by variable-frequency drives or other wave
distorting equipment, accuracy may be reduced unless the power sensor providestrue
RMS power sensing.

Installation

For power-metering or power-sensing applications, the sensing equipment should be
located in the motor control center (MCC) of the plant whenever possible. Sensing
equipment should be mounted so that it is accessible and does not block access to
other devices. Care must also be taken to ensure that sufficient ventilation is provided
so that the manufacturer’ s temperature limits for the equipment are not exceeded.
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Special Considerations

In addition to power use data, some power-sensing devices can also provide power
factor, kVAR, VA and harmonic information. This data may be very useful in many
facilities, especialy if power quality is aconcern. If the sensor can be interfaced to
the plant control and monitoring system via a standard network, the increased cost to
obtain this additional information is modest. The designer should detail the exact
nature of the sensor and data requirements in the specifications.

Calibration

Factory calibration of electric kW and kWh sensorsis nearly always adequate. It is
recommended that field test procedures be combined with inspection and testing or
balancing and commissioning procedures to ensure the equipment is correctly
connected and the data is properly scaled for the correct readings.

Gas Flow Sensors

Types of Sensors

There are several types of gas flow sensors that can monitor the natural gas flow of
absorption or gas engine-driven chillers. The diaphragm gas meter is most widely
used (thisisthe type that most utilitiesinstall as site meters). Other gas flow sensors
are rotary and turbine meters; these are generally used when the maximum gas flow
reguirements exceed the capacity of a diaphragm meter. Another type of gas flow
meter—the orifice meter—is occasionally used for very high rates of gas flow, but
because of accuracy and turndown limitations, it is not recommended for monitoring
chiller plant energy use.

Table 5-4 below compares various options for gas flow-sensing devices.
Table 5-4 — Comparison of Gas Flow Sensing Devices

Type of Gas Meter Range of Flow (SCFH)  First Cost Rangeability

(turndown

ratio)
Diaphragm Up to 5,000 Low 100:1
Rotary 100 to 50,000 High 40:1
Turbine 1,500 to 200,000 Medium 15:1
Orifice 5,000 up to 100 mm Low 31

Measuring Characteristics

Generally, the most important factor in choosing a gas flow meter is range of the
flows that the meter must measure. It is aso essential that the meter be suitable for
the gas pressure to be used. The required range of gas flow volumes needs to be
clearly specified by the designer.

Installation

Because diaphragm and rotary gas flow meters measure volume, not velocity, their
placement isfar less critical than turbine and orifice meters. For turbine and orifice
meters, the manufacturer’s requirements for placement and installation must be

carefully observed. Volumetric meters are generally recommended for most chiller

5-12 CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Controls

Control Valves

Valve Types

plant applications. The metering application should always be discussed with the
utility supplying the gas. It is sometimes necessary to monitor the pressure in order to
improve the measurement accuracy.

Special Consideration

Where gasis provided to a chiller plant—for absorption or engine-driven chillers and
perhaps a boiler or electric generator—consider using the utility’ s gas meter with an
auxiliary transmitter to provide data for control and/or monitoring. Thisis often the
most economical choice and can be used if other equipment will not operate
simultaneously with the chiller plant’ s gas-fired equipment

Calibration

Typicaly diaphragm and rotary gas meters are fully factory tested and calibrated and
require no further calibration. As part of the commissioning and startup process,
turbine meters should be field tested to confirm accuracy at as many flow conditions
as possible. Field test procedures can be combined with inspection and testing or
balancing and commissioning procedures to minimize costs and duplication of effort.

Ball Valves

Modern ball valves designed for control applications are inexpensive, effective and
reliable in smaller chiller plant piping. Generally, ball valves can be obtained in sizes
that fit up to two-inch or three-inch pipe. Ball valves are well suited for isolation
valves because they can be ported for full pipe size (i.e., the opening in the ball valve
isthe same as the inside diameter of the pipe, reducing pressure drop). Ball valves are
also well suited for modulating control because they act as equal percentage valves
when fully ported or in special porting configurations. They offer substantially lower
first costs than globe valves that have been traditionally used for modulating duty.
However, designers must ensure that all ball valves specified for control applications
are specifically intended for that purpose; standard ball valve designs are not
adequate for the continuous movement required for modulating control duty and
usually suffer seal failuresin a short period of time.

Butterfly Valves

Butterfly valves are the most popular large-diameter control valvesin chiller plants.
Like ball valves, butterfly valves make excellent isolation valves because they offer
nearly full pipe bore when open and thus have low pressure drop. Butterfly valves
also have valve characteristics similar to equal percentage valves when used in
modulating valve applications. However, they have very low pressure drop and thus
alow valve “authority,” usually making them inappropriate for use in two-way
modulating duty at cooling coilsin variable-flow systems.

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide 5-13



Controls
|

Globe Valves

The use of globe valvesin chiller plants has dramatically decreased in recent years.
Thisis because the introduction of cost-effective, reliable electric rotating actuators
for large butterfly valves has eliminated the need for linear actuation. However,
globe valves continue to have some advantages:. they can be manufactured with a
variety of flow/position characteristics and they permit three-way valve action with a
single valve. The benefits of these features are sometimes significant enough to offset
the higher cost of globe valves. Glaobe valves are till the most common control
valvesfor large cooling coils. They have relatively high pressure drops and provide
good “authority” for improved controllability and are thus the valve of choice (along
with ball valves for smaller coils) in two-way valve, variable-flow systems.

Two- and Three-Way Valves

All of the above valve types are available in atwo-way configuration for variable-
flow system applications. For constant-flow applications, globe valves, and more
recently ball valves, can be configured as athree-way valve in asingle unit. The
mixing arrangement (two ports where flow enters the valve and one port for flow
leaving the valve) isless expensive than the diverting arrangement (one port entering,
two portsleaving). In large valve applications, using two butterfly valvesis often
more economical than using a single globe valve. Also, globe valves are hard to find
in valve sizes above 12-inch pipe diameter. However, designers must be careful when
using multiple butterfly valves in a modulating three-way valve application. Because
of their equal percentage position versus flow characteristic, the modulation of the
two valves cannot be alinear relationship if a constant flow coefficient is required.

Pressure-Independent and Other Special Valves

Some manufacturers package valves with other devicesto provide constant or
minimum flow control and other special control features. Generally such special
purpose valves are not required in typical chiller plant configurations, but may be of
use in solving special problems or system features. (See Chapter 4 for a discussion of
the use of pressure-independent valves.)

Valve Selection Criteria

Valve Sizing and Flow Coefficient

Valve sizing in two-pasition (on/off) applicationsis straightforward: thevaveis
simply the same size asthe piping it isinstalled in. But valve sizing in modulating
applications is more difficult and afairly controversial subject. Thevavesizeis
based on its full open pressure drop, which in turn determines the valves “ authority”
and the ability of the control system to function as desired and expected. Itis
probably intuitively clear that an oversized valve will not be able to control flow
well. Asan extreme example, imagine trying to pour a single glass of water using a
giant sluice gate at the Boulder Dam. But undersizing a valve increases the system
pressure drop, which leads to higher pump cost and higher energy costs. These two
considerations must be balanced when making valve selections.

The size of avalveisdetermined by its pressure drop when it isfull open. The
guestion then is: What pressure drop should be used? Unfortunately, thereis no
“right” answer to this question and there are various differing opinions and rules-of-
thumb expressed by controls experts and manufacturers (discussion of whichis
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beyond the scope of this Guide). While thereis disagreement about the exact value
of the desired pressure drop among these authorities, there is general agreement that
the control valve pressure drop, whatever it is, must be a substantial fraction of the
overall system pressure drop in order for stable control to be possible.

With the advent of more sophisticated control algorithms such as

proportional +integral+ differential (PID) and fuzzy-logic, some designers have
guestioned the need for high valve pressure drops. However, while awell-tuned
controller can certainly compensate for some valve oversizing, thereis clearly a point
where no control algorithm will help. For instance, getting asingle glass of water out
of aduice gate will beimpossible no matter how clever the control algorithm may
be. Oversizing will also result in the valve operating near close-off most of the time.
This can increase noise from flow turbulence and may accelerate wear on the valve
seats. Therefore, relaxing “old rules-of-thumb” on valve selection is not
recommended.

Once the pressure drop is determined, the valve can be selected using arating called
the valve flow coefficient, Cv. The valve flow coefficient is defined as the number of
gallons per minute of fluid that will flow through the valve at a pressure drop of one
psi with the valve in its wide-open position, expressed mathematically as:

Eq5-3
s
C., = -
V=0 DP
Where,
Q = flow rate in GPM
S = specific gravity of the fluid (the ratio of the density of fluid to that of
pure water at 60°F)
DP = pressure drop in psi

Specific gravity for water below about 200°F is nearly equal to 1.0, so thisvariable
need not be considered for most HV AC applications other than those using brines
and other freeze-protection solutions. Valve coefficients, which are afunction
primarily of valve size but also of the design of the valve body and plug, can be
found in manufacturer’ s catalogs.

Valve Cycles

One important criterion for selecting control valvesis the frequency of movement
that the valve must sustain without leaking or failing. The designer should determine
the number of actuation cycles each valveislikely to be subjected to over ayear.
Thisisimportant, because without this information, alower quality, manual shut-off
valve may beinstalled. If thistype of valve is subjected to frequent operation, it may
develop stem leakage problems and fail prematurely.

An emergency or shut-off valve may see only afew cycles each year and a two-
position isolation valve may see afew cycles each day, but a modulating valve may
be subjected to severa thousand movementsin asingle day. Pneumatic actuators
generally have several million position changes before expected failure, but as the
industry movesto electric actuation, it is essential that designers understand and
accommodate the characteristics of electric actuators. The life expectancy of high
quality electric actuatorsis usualy in the range of 250,000 to 500,000 total position
changes. Thisis also the approximate life expectancy for O-ring shaft seals that are
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used on rotating shaftsin control valves. To reduce maintenance and replacement
costs, designers should:

= consider steps to minimize the number of valve actuations;
= gpecify the operational environment of each valve; and
= establish minimum performance and longevity regquirements for each valve.

Valve Characteristics

Both ball and butterfly valves have equal percentage operating characteristics.
However, when aball valveis ported for a smaller flow coefficient, it beginslosing
the equal percentage characteristic as the coefficient is decreased below the full port
size. Therefore ported-type ball valves are not suited for modulating flow control
applications unless a special porting configuration has been incorporated that
maintains the equal percentage characteristics. If avalve characteristic other than
equal percentage is desired, globe valves can be obtained with several different
operating valve characteristics. When the valve application calls for atwo-position
isolation or shutoff valve, the valve characteristic need not be considered.

Valve Shutoff

Modern valve seat materials provide zero leakage for many valves and pressure
conditions. However, substantial variances in close-off rating exist between valves.
For both ball and butterfly valves, the fluid pressure does not affect the closing force
required, but fluid pressure is afactor with globe valves. With globe valves, it is
important to carefully consider the valve operating conditions to ensure that the valve
has adequate close-off capability. Many valveswill have two close-off ratings, one
for two-position duty and another for modulating duty that is sometimes called the
“dynamic” close-off rating. The dynamic rating, which is always lower than the two-
position rating, is the maximum differential pressure allowed for smooth modulation
of the valve, particularly near shut-off. Above this differential pressure, the design
turndown ratio will not be achieved. Thisisthe rating that should be used when
selecting a valve for modulating applications. In two-way valve systems, acommon
practice isto require that valves be capable of modulating and/or shutting off against
the pump shut-off head plus a safety factor (typically 25% to 50%). Thisis
conservative for systems with variable-speed driven pumps, but still advisable since
the pumps may be operated at fixed speed in case of VFD failure.

Valve Actuators

Whenever possible, control valves and actuators for chiller plants should be
purchased as a single unit that is designed to meet the specified requirements.
Variationsin breakaway torque as well as closing force variations due to fluid
pressure may affect the size of the actuator required. It is also important that the
actuator control signal be compatible with the direct digital control (DDC) system
output, and that the power requirements of the valve are compatible with the voltage
and current phase available. Many electric actuators include an analog point that
provides positive position feedback. This additional DDC input point may be very
useful for chiller plant applications in which avalve failure may cause serious flow
or other problems.
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Controllers

This discussion on controllers assumes that chilled water plant controls are direct

digital controls (DDC). Thiswill almost always be true for new buildings and is also

true for most retrofits since controls are often installed along with new chillers. This

section discusses the following aspects of DDC controllers:

=  Minimum requirements, including programmability, variables, input/output point
capacity, analog-to-digital resolution, automatic networks, and trend logs.

= |Interfacing issues encountered with chiller networks, variable-frequency drive
networks, and power metering networks.

Minimum DDC Controller requirements

Programmability

Designers should ensure that any DDC system that isto be used for chiller plant
control have a powerful and flexible programming language. This language should
permit a nearly unrestrained capacity to incorporate logic, mathematics, timing and
other functions. Thisisimportant not only for the initial development of the plant’s
operations but also for future improvements to the plant’ s performance.

Variables

Chiller plants must be able to operate automatically under various operating
conditions, including those caused by equipment failure and manual operator
override. It is essential that the DDC system have the capacity for alarge number of
variables (sometimes called pseudo, virtual, or software points) so that features such
as lead-lag sequences, automatic failure remedies, and operator disabling of
equipment for maintenance can be implemented simply and effectively.

Flexible I/0 Point Capacity

The DDC system must interface to 1/0 devices that use industry standard interfaces.
Also, each chiller plant may have a unique mix of inputs, outputs, and network
points. Therefore DDC controllers that have universal 1/0 points with flexibility for a
software or hardware (via module) definition for each may provide lower cost and
greater flexibility for future changes than those with dedicated I/O hardware.

Analog-to-Digital Resolution

It is very important that the analog-to-digital (A/D) conversion provide adequate
resolution to read all analog inputs accurately to the number of significant digits
desired. A 12-bit A/D resolution for analog inputs (4096 segments for the device
span) is recommended for analog inputs. A lower A/D resolution for analog outputs
isusually acceptable.

Automatic Network

Each DDC controller used in a chiller plant must have the capacity to automatically
and seamlessly share al point and variable information with other controllersin the
plant. It must also be able to preserve the required analog value precision for those
points whose value must be transmitted across the network. Also, the network
characteristics must require that:
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» the maximum Change of Value or COV (where employed) for al points be the
same as the specified precision or accuracy of those points; and

» the maximum scan time (where employed) be less than 30 seconds (this means
that all controllers will use point datathat iswithin at least 30 seconds of the
current value).

Trend Logs

Controllers should have the capahility to record historic data on the status of control
points, to analyze this data, and produce trend logs that show the behavior of the
control point relative to other variables. Plant operators should have the capability to
identify the control pointsfor which trend logs are generated, to set the time interval
for taking data, and other specifications of the trend log.

Interfacing with Chillers and Chiller Networks

Digital Interface

Virtually all new chillers are supplied with a complete package of control and
instrumentation that is factory installed, tested and calibrated, and can be integrated
into the DDC system to control and monitor each chiller without requiring any
additional sensing equipment or installation. The most economical method of
integrating the instrumentation into the DDC system varies by manufacturer. It is
advisable to specify a BACnet gateway between the chiller(s) and the DDC system. If
for some reason BACnet is not used as the system protocol, it may be possible to
negotiate a cost deduction from the vendors, under these conditions:

= The chiller and controls manufacturers have an interoperability agreement for
which a standard gateway or connection that meets all the requirements of the
project may be substituted for the BACnet interconnection at less cost.

= The same manufacturer supplies the chiller and controls so that there is full
compatibility without any special gateway or connection.
Minimum Interface Points

The following are the minimum chiller monitor and control points that should be
accessible directly from the chiller panel:

= Supply (leaving) chilled water temperature

= Return chilled water temperature

= Supply (entering) condenser water temperature
» Leaving condenser water temperature

= Evaporator refrigerant pressure

= Evaporator refrigerant temperature

= Condenser refrigerant pressure

= Condenser refrigerant temperature

= Compressor discharge refrigerant temperature

=  QOil temperature
= Oil pressure
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= Chiller operating electrical demand (percent of RLKW)
= Condenser water flow status

= Chilled water flow status

= Chiller operating status

= Chiller alarm status (individual alarms as an option)

= Chiller start/stop (enable/disable)

= Chiller demand setpoint (percent of RLKW)

= Chilled water temperature setpoint
Interfacing with Variable-Frequency Drive (VFD) Networks

Digital Interface

Like chillers, most variable-speed drives (most commonly variable-frequency drives,
or VFDs) come with a complete control and instrumentation package. Many, but not
all, can also be supplied with alink that permits them to communicate directly with
the DDC system without having to provide separate hardwired control and monitor
points to each unit. The designer should use caution when controlling VFD speed
over the network from a control loop and control variable that islocated in some
other controller on the network. Time delaysin transmitting the speed signal over the
network are variable and may cause the control loop to be unstable, or at least
difficult to tune. It isrecommended that either:

= The control point be connecting directly to the VFD and the on-board controller
(generaly available on modern VFDs) be used to control VFD speed. The
control point setpoint may be reliably transmitted over the network to the VFD
since it changes only infrequently (if reset) or not at all.

= TheVFD signal be hardwired as an analog output from the controller so that the
network is not required. The network interfaceis still desired since other
information may still be transmitted over it, such as status, power, alarm
conditions, etc.

Minimum Interface Points
The following are the minimum VFD monitor and control points that should be
accessible directly from each VFD panel:
* VFD drive status
= VFD fault status
= Qutput speed (percent of maximum)
= Qutput power (kW)
= VFD and motor start/stop (enable/disable)
= VFD speed setpoint

Interfacing with Power Metering Networks

Digital Interface

Some power sensors have links that permit them to communicate directly with the
DDC system without requiring the installation of separate hardwired monitor point
connections to the unit. An advantage of using a network to receive data from power
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sensorsis that these sensors can provide a great deal of additional information over
the network for amodest cost premium. Thisis particularly economical if there are
many sensors to be connected. Several communication links are available to network
power sensors to DDC systems.

Interface Points

The following power monitor points are widely available with network-connected
power sensing units:

= |nstantaneous kW demand

= kWh reading (resettable)

= Power factor

= Voltage

=  Frequency

= Current (amperes)
= kVAR

= VA

Performance Monitoring

Integrating Chiller Plant Efficiency Monitoring with Control

The Benefit of Performance Monitoring

In many climates, chiller plants are responsible for amajor portion of afacility’s
energy use. Performance monitoring can help identify energy efficiency
opportunities. Many chiller plants are not fully automated, and nearly all plants
reguire ongoing maintenance to achieve top operating efficiencies. Integrating chiller
plant monitoring with the control system helps the plant operating staff to determine
the most efficient equipment configuration and settings for various load conditions. It
also helps the staff to schedule maintenance activities at proper intervals, so that
maintenance is frequent enough to ensure the highest levels of efficiency, but not so
frequent that it incurs unnecessary expense.

Monitoring Considerations

It does not have to be expensive to integrate energy efficiency monitoring with chiller
plant control. Most DDC systems that are capable of operating chiller plants
effectively are well suited to provide monitoring capabilities. Since chiller plant
efficiency is calculated by comparing the chilled water energy output to the energy
(electric, gas or other) required to produce the chilled water, efficiency monitoring
requires only the following three items:

Chilled Water Output. Since the control instrumentation already includes chilled
water supply and return temperatures, only aflow sensor must be added to normal
chilled water plant instrumentation.

Energy Input. To obtain the total energy input, it is necessary to install KW sensors on
the tower fans, condenser pumps, chillers, and chilled water pumps. The installation
cost is not greatly increased if the kW sensors are used instead of other status devices
for fans, chillers, and pumps. It may also be possible to use only one or two kW
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sensors to measure the total energy used by the plant. Finaly, it is often acceptable to
use a predetermined kW draw for constant speed fans and pumps whenever they are
operating.

DDC Math and Trend Capabilities. In addition to the instrumentation requirements,
efficiency monitoring requires that the DDC system chosen have good math
functions so that the instrumentation readings can be easily scaled, converted,
calculated, displayed and stored in trend logs for future reference.

Typical Monitoring and Control Point Configuration

Figure 5-1 illustrates that instrumentation can be simple yet still effectively control
and monitor atypical chiller plant. All chiller points except the kW point are obtained
through the gateway connection to the DDC. In this configuration, kW sensors are
used as the status indicators for fans and pumps. This adds some instrumentation
cost, but no additional DDC system cost.

) [CTIESS _|[CT2FSS } )

[C21F KW ||C21F KW

CT1 VALM
CT1LVL
CT1HTR

CDP1SS
CDP1 KW

CHILLER 1

CHILLER 2

CHLSS CH2SS
CH1 DMD CH2 DMD
CH1 CWTSP CH2 CWTSP
CH1 CWST : CH2 CWST
CHL CWRT CH2 CWRT
CH1 CDWST] [SCW FLOW 3@ [SCWCWRT-) CH2 CDWST]
CHL CDWRT| L CH2 CDWRYT]
CH2 EVT SCW CWST CH2 EVT
—IGHZEVE SCWPLRP SCWP2RP CHZEVE —
CHZ 2DF SCWPL KW SCWP2 KW Chs Cor
8;% EWF CH2 EWF
CH2S
CH2 ALRM . CH2 ALRM
CH2 CDP CH2 CDP
CH2 CDT 3 CH2CDT
CH2 CPT CH2 CPT
CH2 OT CH2 OT
CH2 OP CH2 OP

Figure 5-1 — Typical Monitoring and Control Point Configuration

Local Instrumentation

Evaluating the Need

The cost of including a DDC system operators' terminal in the chiller plant islow.
The decision of whether to include separate local sensors with readoutsis primarily a
matter of the operations' staff preference and the cost of the local instrumentation. It
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Local Instruments

isusually less expensive to use the DDC system as the local sensor readout platform
by installing an operators’ terminal in the plant. However, in very large plants, or
those that incorporate several separate rooms or air locks, it may be useful to install
separate sensors with local readouts for some areas of the plant.

Local instruments such as pressure gauges (typically installed on pumps) and
thermometers have poor records for accuracy and longevity. It is not unusual to visit
machine rooms less than ten years old and find half of the total temperature sensors
to be faulty. If local pressure gauges or thermometers are desired, specify devices of
the highest quality and install them on the wall in locations that are not subject to
vibration or other physical shock.

Pressure and Temperature Test Ports

Chiller plant piping should be specified to contain taps (also called test ports) at all
major equipment for testing pressures and temperatures.

Size of Taps

Test taps should be large enough so that the largest instrument that may be attached
or inserted at that point does not require any piping modification, but small enough
that more typical taps can be made without having to shut down the system. A
combination of large taps with reducers and/or shutoff valves can incorporate such
flexibility without alot of hardware.

Location of Test Taps

Test taps should beinstalled in addition to all other taps that may be required for
control or local instrumentation. The purpose of test tapsisto maintain easy access to
the system by 0& M personnel so that tests may be performed to measure flow,
temperature, and differential pressure at or across each system component without
the need to shut the system down or to disturb or remove any existing
instrumentation. Test taps should be located at or near the inlets and outlets of all
chiller plant components such as boilers, pumps, chillers, heat exchangers, cooling
coils, strainers, chilled water control valves, and other equipment for which periodic
testing may be useful.

General Sequencing for Chiller Plants

Staging Pumps and Chillers

Chiller and Pumps Start Sequence

Before a chiller is started, the chilled water and condenser water pumps should be
started and shown to be operative. The following start sequence is recommended:

1. Check that the chiller has been off for the length of time required by
manufacturer before starting. If not, wait until off-time limit has expired.

2. If automatic isolation valves are used to isolate equipment, open the required
isolation valves. Wait until time required for opening, and/or until the controller
can verify that the valves are open.

5-22

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Controls
|

3. Start the chilled water pump and condenser water pump associated with the
chiller.

4. Fifteen seconds later, check to see that the pump status shows the pumps are
operating.

Check that the chiller panel recognizes chilled water and condenser water flow.
If either #3 or #4 shows afailure, check again 15 seconds later (optional step).
If failureis verified, set an alarm and move to next unit in sequence.

Set demand limit on chiller to 30% (or as recommended by chiller manufacturer)
and start chiller. Also, enable the cooling tower fan to operate based on its
normal operating parameters.

© N o O

9. Wait two minutes or as recommended by chiller manufacturer, and check to see
that chiller is running (via power usage).

10. After two minutes of operating (or as recommended by chiller manufacturer),
switch gradually to normal chiller operation by raising the demand limit at arate
of 10% per minute until normal operation has been achieved.

This sequence may require modification if the opening of an isolation valve may
reduce the flow through other equipment to an unacceptably low level. In those
instances it may be best to add the additional pumping capacity online before opening
the isolation valve. Such issues may also be remedied by limiting the operation of
other chillers when a chiller is being brought on-line. Thiswill ensure that the flow
and temperatures changes experienced by the operating chiller(s) do not adversely
affect plant operation when another chiller is brought on-line. Furthermore, peak
demand may be affected during the start sequence. For these reasons, itis
recommended that the maximum demand for the operating chillers be set back to the
approximate expected demand after the chiller being started is on-line, and then
gradually removed along with the new chiller demand limit once the new chiller is
on-line.

Chiller and Pumps Stop Sequence

Anytime achiller is taken off-line due to diminishing demand for cooling (or for any
other reason short of an emergency shutdown), it is recommended that the chiller first
be powered down for several minutes. This dissipates the thermal capacity in the
evaporator. The following stop sequence is recommended:

1. When it is necessary to shut down the chiller, start by reducing the demand limit
for the chiller to 30% (or to the manufacturer's minimum recommended chiller
operating demand).

2. Wait for two minutes and then shut off the chiller and condensing water pump,
and disable the cooling tower fan.

3. Wait an additional two minutes and the shut off the chilled water pump and/or
close all isolation valves.

It may be desirable to limit the operation of the operating chillers when achiller is
being brought off-line. Since the flow and temperatures experienced by the operating
chiller(s) are usually affected when another chiller istaken off-line, consider limiting
the maximum demand for the operating chillers during shutdown, and then gradually
removing this limit after shutdown is complete.
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Secondary Chilled Water Pump

Because there are so many possible configurations for chilled water distribution
systems (see Chapter 4), sequencing issues related to secondary chilled water pumps
will not be discussed here.

Chilled Water Temperature Reset

Because chilled water plants are often designed to serve existing loads, or loads
whose criteria have been devel oped by other design engineers, it is often not feasible
to introduce efficiency-improving strategies such as an adjustable chilled water
temperature reset. However, designers should look very carefully at those instances
where chilled water temperature reset is suitable. Resetting chilled water temperature
upward in mild weather can significantly improve the efficiency of the chiller plant
even though the distribution pump power requirements rise. However, it may not be
possible to fully load chillers when the chilled water temperature is higher than
design, so more chillers may be required to run than when the design chilled water
temperature is maintained at all times.

Reset Methods

If chilled water reset isfeasible and could help lower energy use, the designer must
select a chilled water reset method. These options are listed below:

Load-based reset. The most effective means of determining the optimized chilled
water temperature isto look at how well the plant is meeting sensible and latent
cooling load requirements. Sensible cooling loads are met when the loads are able to
meet their dry-bulb setpoint temperatures. Latent cooling loads are met when loads
are meeting their humidity requirements. If the chiller plant and the loads it serves are
connected on asingle DDC system platform, it is usually not difficult to bring al this
required information to the central chiller plant controllers. Then an algorithm can be
developed for calculating the required supply chilled water temperature based on
conditions of the loads served.

Outside air/solar-based reset. If it is not possible to bring real time data from all
loads served to the chiller plant controllers, it may be possible to develop chilled
water supply temperature schedules based on current outside air temperature, outside
air humidity, and solar conditions. The sensors required to gather this data can be
installed at the plant, and algorithms developed to make adjustments to the chilled
water temperature based on these conditions.

Plant-based reset. Depending on the chiller plant configuration and operating
scheme, it may be helpful to adjust chilled water temperature to enable existing
chillersto be fully loaded before adding more chillers to meet the load.

Note that chilled water reset is only effectiveif the chillers can operate at higher
chilled water temperatures. If a primary/secondary system is used, and the primary
loop operates at lower chilled water temperatures because of a flow mismatch
between the primary and secondary (see Chapter 4), the benefits of chilled water
temperature reset may be entirely lost.

Condenser Water Setpoint Reset

Like chilled water reset, condenser water temperature reset can be a valuable tool for
reducing energy usein chiller plants. How effective various condenser water
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temperature reset strategies are depends on the chiller plant configuration and the
climate in which it islocated.

Reset Methods

If cooling tower water temperature reset is appropriate, here are various options for
determining how to reset tower water temperature:

Wet bulb-based calculation. This method cal culates an ideal approach based on
current conditions and then cal cul ates the ideal tower water temperature based on
current wet-bulb conditions. This method can be made to work, but it is a complex
calculation and subject to large errors when the wet-bulb sensor is not calibrated
properly.

Low temperature setpoint. Thisis asimple method that causes the tower fan to
operate constantly at most conditions except when the ambient wet bulb and chiller
loading are sufficiently low that the low setpoint can be maintained. This approach
can be effective, but it depends upon the selection of the correct setpoint, which will
vary according to configuration and climate.

Power ratio calculation. This simple method is also usually the most effective. Itis
based on a strategy of optimizing the relative power of all componentsin the plant
and in other HVAC systems. In this process, the tower water temperature setpoint is
based on the tower fan's cycling schedule, which in turn is based on the relative
power draw of the chiller. In a system that uses a variable-speed tower fan, thefan’'s
speed is adjusted instead of the cycling schedule. While effective, this method is the
subject of several patents; certain elements can be used only with the permission of
the patent holders.

It should be noted that any tower water temperature-optimization strategy must be

designed:

= with close attention to the chiller manufacturer’ s requirements for minimum
condenser water temperature; and

= with an understanding of the conditions under which the system will actually
operate. It is of little value to spend a great deal of time devel oping efficient
operating strategies for conditions that the system will only rarely see.

Multiple Chiller Sequencing

In general, for constant-speed chiller plant systems with dedicated chilled water and
condenser water pumps, and dedicated towers, it is reasonably efficient to operate
each chiller to its full capacity before bringing on another one. However, in
primary/secondary distribution systems, chiller sequencing may also be required to
be flow based, ensuring at all times that the primary flow is equal to or greater than
the secondary flow to prevent arise in the chilled water supply temperature due to
mixing of return water with the supply. Furthermore, in some plants, the exact
switchover point at which it becomes more energy efficient to operate with a
different combination of chillers does not necessarily occur at capacity or flow
thresholds, but at other conditions that must be assessed and acted upon properly for
peak plant efficiency. It isimportant that the designer develop and communicate
effectively the chiller sequencing strategy for the chiller plant, whether it isto be
implemented manually or automatically, so that it is fully understood and accounted
for during construction, and isimplemented correctly by operations personnel.
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6. Optimizing Design

Previous chapters discussed the basic principles behind central chilled water plant
components and distribution system design. This chapter provides procedures and
analysis techniques for optimizing the design to minimize first costs and operating
costs (in particular, energy costs) over the plant’slife cycle. This chapter primarily
appliesto new chilled water plants, but many of the techniques can be used for
retrofit projects aswell.

To rigorously optimize a central plant design would be a Herculean task due to the

almost infinite number of design decisions that affect energy costs and first costs. For

instance, energy costs are determined by the:

= full-load and part-load efficiency of each piece of plant equipment (e.g., chillers,
towers, pumps);

= the number of each piece of equipment and how they are staged;

= thedesign of the distribution system (e.g., variable flow versus constant flow,
primary-only versus primary-secondary);

= control sequences such as chilled water temperature reset and differential
pressure reset; and

= pipeand valvesizing.
First costs can be even more complex to account for during initial design. There are
many reasons for this, including:

= costs are not a continuous function of capacity;
= capacity for some equipment and materialsis only available in discrete sizes,
= costs vary by manufacturer and by market conditions; and

= costs vary widely depending on the physical layout of the plant and other design
details.

Rather than trying to account for every design variable, this chapter suggests an
approach to the design of chiller plants that combines detailed analysis and rule-of-
thumb recommendations. This approach provides much better resultsin terms of
plant performance and cost compared to traditional design procedures.

Design Procedure

Figure 6-1 shows a schematic of asimple chiller plant serving an air-handling unit.
Operating costs include those from the chiller plant components (chiller, chilled and
condenser water pumps, cooling tower) aswell as those from air handling system
fans. All of these costs can be affected by plant design decisions, such as chilled
water temperature. Rigorous optimization of the system’s life-cycle cost would
reguire a mathematical model of each possible system component and design option,
accurately describing and defining its operating performance and first costs.
Unfortunately, this approach is not practical; there are ssmply too many options and
their cost and performance cannot always be described by continuous mathematical
functions.

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide 6-1



Optimizing

Cooling
Tower Fan

f Air Hardler
E Fan [jl
B
s
Chilled £
Water Pump i

—O

Figure 6-1 — Chiller Plant Schematic

Nevertheless, it is possible to partially optimize the chiller plant with a reasonable
engineering effort. The key isto break the chiller plant into subsystems and then
optimize within those subsystems. The plant will not be completely optimized due to
the complex interaction between subsystems, but the result should be close to
optimum.

Before beginning the detailed design process, however, it is necessary to first develop
plant load profiles as described in Chapter 2. It is also essential that the designer be
very knowledgeable about chiller plant equipment (see Chapter 3) and chilled water
distribution systems (see Chapter 4).

For most chiller plants, near-optimum plant design can be achieved by the following
step-by-step procedure:

1. Select chilled water distribution system flow arrangement .

2. Select chilled water temperatures, flow rate, and primary pipe sizes.

3. Select tower speed control option, efficiency, condenser water temperature range
and approach temperatures, and make preliminary cooling tower selection.

Select chillers using performance specification and life-cycle analysis.
Adjust tower sizing and number of cellsif necessary .

Finalize piping system design and select pumps.

Develop and optimize control sequences.

Agal n, theideal solution isto optimize al plant components simultaneously, but that
isnot usually practical. Even with the simplified approach given here, some
interactions are so important that they cannot be entirely evaluated independent of
other interactions. Thisiswhy the design of the componentslisted in step 3is
preliminary and must be finalized in | ater steps.

Each of these steps is discussed in the following sections.

N o A
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Selecting Chilled Water Distribution System Flow Arrangement

Simplified Distribution System Selection

The most common chilled water distribution system types are discussed in Chapter 4.
In most cases, by relying on experience and general rules —of thumb, the best choice
for agiven project can be selected without an unnecessarily burdensome analysis.
Table 6-1 shows recommendations for distribution system options based on the size
and number of loads served and distribution system losses. These recommendations
are generalizations that should apply to the majority of typical HVAC applications,

but they may not prove to be optimum for every application.
Table 6-1 — Chilled Water Distribution System

App. No. Number of Size of Coils/Loads Distribution Control Flow Recommended
Coils/Loads Served Losses Vaves (Primary/ Distribution Type
Served (excluding Secondary)

chiller)
1 One Any Any None Constant Primary-only, no
control valves
(Fig. 4-1)
2 Morethan 1 Large Campus Any 2-way Constant/ Primary/distributed
Variable secondary
(Fig. 4-12B)
3 More than 1 Large coils (> 100 Any None Constant/ Primary/coil
gpm) Variable secondary (no
control valves)
(Fig. 4-12A)

4 Few (2t0 5) Small (< 100 gpm) Low (< 40 feet) 3-way Constant or Primary-only,
serving similar Staged constant flow
loads (Fig. 4-2,4-3)

5 Few (2to 5) Small (< 100 gpm) High (> 40 feet) Primary-only
serving similar variable flow
loads Variable (Fig. 4-7, 4-8)

or or
2-way ]

6 Many (morethan ~ Small (< 100 gpm) Any Constant/ Primary-secondary
5) or few serving Variable variable flow
dissimilar loads (Fig. 4-9)

See Table 6-2

Note that the suggested definition of “many” coils (more than 5) and “high”

distribution losses (more than 40 feet pressure drop) are rules of thumb. When the
actual system design is near these limits, both the few/many and low/high distribution
system options should be analyzed to see which is optimum.

Application Notes (correspond to application number at |eft of Table 6-1):

1. For aplant serving one coil, the system shown in Figure 4-1 is usually the most
cost-effective approach. It eliminates the expense and pressure drop of a control
valve and realizes significant energy savings from the wide range of chilled water
temperature reset that occurs.
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For plants serving groups of large loads such as buildingsin a college campus,
terminalsin an airport, etc., distributed variable-speed-driven secondary pumps
(Fig. 4-12B) is usually the best solution. The use of distributed pumps reduces
pump energy by allowing each secondary pump to be selected and operated at the
head required to supply water from the plant to the building. With a conventional
primary-secondary scheme (Figure 4-9), the buildings closest to the pumps will
have more pressure than needed; this pressure is throttled by the control valves,
which wastes energy and can cause control problems. Other advantages over
conventional primary-secondary systems include:

* improved balancing;

* much better energy performance when only afew buildings are on-line;
and

= ¢glimination of the need or desire for reverse return.

For plants serving large individual air handling systems, distributed variable-
speed-driven coil secondary pumps (Fig. 4-12A) is usually the best solution. This
design will be less expensive than a primary-secondary system and cost
competitive with a primary-only system. It will be more efficient than both these
options for two reasons. First, this design eliminates the pressure drop (and
expense) of control valves, generally about a 10-foot reduction in head. Second,
as with the campus system, each secondary pump may be selected and operated
at the head required to supply water from the plant to the coil. With a
conventional primary-secondary scheme (Figure 4-9), the coils closest to the
pumps will have more pressure than needed; this pressure is throttled by the
control valves, which wastes energy and can cause control problems. Other
advantages include better, more responsive control. Disadvantages include the
need to have a pump at each coil. For this design to be energy efficient, coils
must be large due to the inherent inefficiency of small pumps. If there are both
small and large coils, a hybrid system of both distributed coil pumps and
conventional secondary pumps to serve small coilsis possible. (See Figure 6-9
for an example hybrid plant.)

When there are few coilsin asystem and the distribution head is low, the
simplicity and low cost of a constant volume primary-only distribution system
(Fig. 4-2, 4-3) is usually optimum despite its higher pump energy costs compared
to variable-flow systems. Aggressive use of chilled water reset often alowsthe
plant to have efficient energy usage despite higher pumping costs (as with
application 1). With multiple chillers, a quasi-variable-flow system can be
attained by staging the chillers on coil demand, provided all the loads tend to
vary together (i.e., no coil requires full cooling while others are at part load). This
istypical of many HVAC applications where, for instance, the coils al arein
VAV systems serving the same occupancy type. If there are multiple chillersin
the system and the loads do not vary up and down together, the systemsin
application 5 should be used.

When the system distribution pressure drop is high, the return on investment for
variable-flow systems improves and the optimum system will generally be a
primary-only pumping system (Figures 4-7 and 4-8) or a primary-secondary
pumping system (Figure 4-9). Also, see the application notes discussed under
application number 6.

When there are many valves in the system, the construction cost savings and
start-up cost savings (no balancing) of using two-way valves versus three-way

6-4
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valves will generally offset the added cost and complexity of the bypass valve
and controls required for the primary-only pumping arrangements shown in
Figures 4-7 and 4-8, or the added pump installation cost of primary-secondary
pumping (Figure 4-9). The decision whether to use primary-only or primary-
secondary in this application is discussed in more detail below. Variable-speed
drives will usually be cost effective in this application and they will improve
controllability and possibly reduce simultaneous heating and cooling at
heating/cooling air handlers. If variable-speed drives are not used, the
primary/secondary configuration should not be used since it offers virtually no
benefits and adds to first costs. (For more details, see discussion in Chapter 4.)

Primary-only versus Primary-secondary

Table 6-2 summarizes the advantages and disadvantages of primary-only variable-
flow distribution systems compared to traditional (non-distributed) primary-
secondary systems.

Table 6-2 — Advantages and Disadvantages of Primary-only vs. Primary-secondary
Variable Flow Distribution Systems

Advantages of Primary-only Disadvantages of Primary-only
Reduced pump horsepower Complexity of bypass control

More efficient pumps Complexity of staging chillers

Fewer pump connections - Possible chiller trips
Lower pump energy usage . Possible evaporator freezing
Lower first costs - Temporary high temperatures

Less plant space required

Primary-only systems always cost |ess and take up less space than primary-secondary
systems, and with variable-speed drives, primary-only systems also always use less
pump energy than traditional (non-distributed) primary-secondary systems. The latter
point may be contrary to conventional wisdom and to heavy marketing by some
pump manufacturers, but it can be shown to be true from basic principles. Figure 6-2
demonstrates this fact for atypical three-chiller, three-pump plant. The pump energy
savings are dueto:

= Reduced system head as aresult of the elimination of the extra set of pumps and
related piping and devices (shut-off valves, strainers, suction diffusers, check
valves, etc.)

=  More efficient pumps. (The primary pumps in the primary-secondary system will
be inherently less efficient due to their high flow and low head. This can be
partially mitigated by using larger pumps running at lower speed.)

= Variable flow through the evaporator, which allows flow to drop below design
flow down to some minimum flow rate prescribed by the chiller manufacturer.
(The minimum flow rate is always less than the design flow rate, and in some
cases significantly so.)

= Near “cube-law” performance of variable-speed drives that yield significant
energy savings for even small reductionsin flow.

Even without the savings from first three bullet points above (that is, even if the
overall pump head and efficiencies were the same and minimum flow through the
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chiller were maintained at the design flow), primary-only systems still use less pump
energy than primary-secondary systems.

The lower energy costs and lower first costs of the primary-only system often make it
an easy choice versus primary-secondary, but the system does have two significant
disadvantages:

Complexity of bypass control. For all but chiller plants with alarge number of
chillers, some type of bypass valve will be required (Figure 4-8) in order to ensure
that minimum flow rates are maintained through operating chillers. This control is
somewhat complex.

First, it requires some means to measure flow through the chillers, such as aflow
meter or differential pressure sensor across chillers that can be correlated to flow.

Second, selecting the bypass control valve and tuning the control loop is difficult
because of the very high differential pressure across it caused by its location near the
pumps. (This can be mitigated by placing the bypass valve out in the system near the
most remote coils. However, this increases flow through distribution piping, which
increases pump energy at low loads. Also, it increases piping heat gain if flow is
maintained in piping that might otherwise be inactive. On the other hand, placing the
valvein aremote location can prevent “slugging” the plant with warm water when a
remote coil starts up and may result in more stable plant control .)

Third, control system programming is difficult when there are multiple chillers or
stages each requiring different minimum flow setpoints. (Note that the pressure-
activated bypass valves commonly used in the past with constant-speed pumping
systems will not work with variable-speed pumping because the differential pressure
across the valve will aways be less at part load, so the valve will never open.)

Complexity of chiller staging. When one or more chillers are operating and another
chiller is started by opening itsisolation valve or starting its pump, flow through the
operating chillerswill abruptly drop. The reason for thisis simple: flow is determined
by the demand of the chilled water coils as controlled by the control valves. Starting
another chiller will not create an increase in required flow, so flow will be split
among the active machines. If this occurs suddenly, the drop in flow will cause a
nuisance trip in the operating chillers, or may cause evaporator freezing if the safety
controls are sluggish. To stage the chillers without atrip, active chillers must first be
temporarily unloaded (demand-limited), then flow must be slowly increased through
the new chiller by opening itsisolation valve slowly. Then all chillers can be allowed
to ramp up to the required load together. (The need for slowly alowing flow to pass
through the new chiller makes it advantageous to pipe the chillers and pumps using a
headered arrangement shown as Option C in Figure 4-14. See also the Pumps section
later in this chapter.)

The sheer complexity of the bypass and staging makesit likely that the controls will
fail at some point in the life of the system. Thus, primary-secondary systems, despite
their higher costs, do offer the benefit of fail-safe operation, very simple staging
control, and no need for bypass control.

Given these considerations, primary-only systems are most appropriate for:

= Plantswith many chillers (more than three) and with fairly high base loads where
the need for bypassis minimal or nil and flow fluctuations during staging are
small dueto the large number of chillers; and

= Plants where design engineers and future on-site operators understand the
complexity of the controls.
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A primary-secondary system is probably a better choice for buildings where fail-safe
operation is essential or on-site operating staff is unsophisticated or nonexistent.
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Figure 6-2 — Primary-only versus Primary-Secondary Pumping
(for a typical three-pump chiller plant with variable-speed drives)

Optimizing Chilled Water Design Temperatures

Optimizing chilled water supply and return temperatures involves not only
minimizing the life-cycle costs of the chiller plant itself but also the costs of the air-
handling systems that the chiller serves. Thisis because these temperatures will have
an impact on the characteristics of the chilled water coil design, which in turn will
affect the pressure drop capacity and the energy use of the supply air fan.

Table 6-3 shows the typical range of chilled water temperature difference (commonly
referred to as delta-T) and the general impact on energy usage and first costs. The
table shows that there are significant benefits to increasing delta-T from a first-cost
standpoint, and there may be a savingsin energy cost aswell, depending on the
relative size of the fan energy increase versus pump energy decrease as delta-T
increases. Chiller energy usage is largely unaffected by delta-T for agiven chilled
water supply temperature.
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Table 6-3 — Impact on First Costs and Energy Costs of Chilled Water Temperature
Difference

(assuming constant chilled water supply temperature)

DT
Low High
Typica Range 8°F to 20°F
First Cost Impact smaller coail smaller pipe

smaller pump

smaller pump motor

Energy Cost impact lower fan energy lower pump energy

Fortunately, within the range of commonly used chilled water supply and return
temperatures, the impact on the airside of the system is seldom significant. Table 6-4
shows atypical cooling coil’ s performance over arange of chilled water delta-Ts.
While the example in the table will not be true of all applications, it does suggest that
airside pressure will not increase very much as chilled water delta-T rises, while
waterside pressure drop falls significantly. For variable air volume systems, the
impact is even less significant because any airside pressure increase will fall rapidly
as airflow decreases.

Table 6-4 — Typical Coil Performance vs. Chilled Water Temperature Difference

Chilled Water DT 11 13 15 18 20
Coil water pressure drop, feet H,O 275 19.6 147 100 8.1
Coil airside pressure drop, inches H,O 0.46 0.48 049 052 0.54

Notes for Table 6-4: Cooling coil pressure air- and waterside drops were determined from a
manufacturer’s ARI-certified selection program assuming 525 fpm coil face velocity, smooth tubes,
maximum 120 fpf fin spacing, 43°F chilled water supply temperature, 78°F/62°F entering air and 53°F
leaving air temperature.

Fansin general use much more energy than chilled water pumps, and in most
Cdlifornia climates they can use more energy than the entire chiller plant because the
fans operate so many more hours than the chiller plant does. So although the airside
pressure drops shown in Table 6-4 may be small, one might still expect that they will
have alarge impact on overall annual energy usage. However, this usually is not the
case. Figure 6-3 shows the impact of chilled water delta-T on energy usage for a
typical office building. Fan energy rises only dightly as delta-T increases. Changing
delta-T with a constant chilled water supply temperature haslittle or no effect on
chiller efficiency in the typical delta-T range. If pipe sizeisleft unchanged as delta-T
increases, chilled water pump energy will fall substantially due to reduced flow and
reduced piping losses. In real applications, pipe sizes are often reduced to decrease
first costs, but pump energy will still fall, although not as dramatically asin Figure 6-
3, due to reduced flow rates.
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Figure 6-3 — Typical Annual Energy Usage vs. Chilled Water Temperature
Difference

Note for Figure 6-3 and Figure 6-4: Energy demand for each component was calculated from actual
equipment models for atypical chilled water plant consisting of asingle chiller and chilled water pump
serving an office building in Northern California. Cooling coil pressure airside and waterside drops were
determined from a manufacturer’s ARI-certified selection program. Pump energy assumes that pipe
sizes are not reduced as flow reduces with increasing delta-T and pumps are constant volume. Fan
energy is based on avariable air volume system with variable-speed drive. Figure 6-3 assumes constant
chilled water temperature at 43°F.
Reducing chilled water temperature can eliminate the fan energy penalty. Figure 6-4
shows the same system as Figure 6-3. However, instead of holding chilled water
temperature constant, chilled water temperature islowered to keep airside pressure
drop (and therefore fan energy) constant as delta-T increases . Dropping chilled water
temperature increases chiller energy but pump energy savings more than make up the
difference. Aswith Figure 6-3, pump energy shown in Figure 6-4 assumes that pipe
Sizes remain constant, which is not always the case.

The example illustrated by these two figuresis simple: it assumes a single chiller,
constant chilled water temperature, and constant volume pumping. In applications
with multiple chillers using chilled water temperature reset strategies and variable
flow pumping, the results will be different in magnitude but the trend will be similar.
In particular, if pipe sizes are reduced with increases in delta-T and if variable flow
pumping is used, the pump energy impact of increasing delta-T will be much smaller
than what is shown in Figure 6-4. Nevertheless, the trend for most applicationsis that
higher chilled water delta-Tsresult in lower energy costs, and they will always result
in the same or lower first costs.
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Figure 6-4 — Typical Annual Energy Usage with Coils Selected for Constant Airside

Pressure Drop

There are disadvantages to using high delta-Ts:

Using alow delta-T is a conservative approach since it resultsin larger pump and
pipe sizes. If the load increases on a plant, extra capacity can be effectively
obtained by dropping chilled water temperature (e.g., from adesign of 44°F to as
low as 40°F), which will increase delta-T at coils. Thisincreased flexibility to
accommodate future changes is probably the most common reason for using low
delta-Ts.

To realize the reduced chiller energy usage due to rising entering water
temperatures, the chiller may have to use three passes rather than two. This can
add to piping costs and make tube replacement and cleaning more difficult (itis
common to pipe the chiller from one side and leave the opposite head clear to
provide access to tubes without having to remove piping).

On some coils, depending on the design air temperature conditions, using a
higher delta-T will not just increase the fin density, but it can also causeajumpin
the number of rows which can significantly increase first costs and airside
pressure drop.

Delta-T degradation is guaranteed for coils selected with high delta-Ts on air
handlers with economizers or that supply 100% outdoor air. This can cause
chiller staging problems as described in Chapter 4.

Recommendations for Selecting Design Chilled Water Temperatures

This section provides a recommended approach to selecting design chilled water
temperatures. (See the Case Study included in this chapter for an example of how to
use this approach.)

In most cases, this simple procedure resultsin chilled water supply and return
temperatures that are first-cost optimum, provide reasonable flexibility for future
changes, and provide lower energy costs than more traditional design procedures.
Note that by “maxing out” the flowsin main pipe sizes, the system will not be
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optimum in terms of energy usage. Reducing flow rates by raising delta-T will reduce
energy costs further, but this aso reduces flexibility to accommodate future
unanticipated changes. The procedure described below attempts to balance these
competing concerns.

1. Determinethe flow rate required using adelta-T of 12°F on the low end and 20°F
on the high end.

2. Seewhat pipe size (see Pipe Sizing section below) these two flow rates will
result in for the main distribution pipes. In most systems, there will be many
branch piping circuits so it is not practical to test every pipe in the system.
However, piping costs will usually be most heavily affected by the largest piping
in the system and by the piping with the most fittings and valves. Thisis
generally at the chiller plant itself, i.e., the piping going to each chiller and
chilled water pump and the main headers and risers. In ailmost al cases, the flow
at 20°F will require one or perhaps two pipe sizes lower than the flow at 12°F.

3. Pick the smallest pipe size that can accommodate the flow ranges above, then
adjust the chilled water delta-T downward so that the resulting flow rate will
“max-out” the most common and largest pipe sizes at the plant. Note that this
selection procedure will not maximize energy savings, it is intended to balance
the advantages and disadvantages of using high delta-Ts, as discussed above and
at the end of this section.

4. For example, assume that the simple constant flow chiller plant in Figure 6-2isa
450-ton plant serving atypical office building (operating less than 2000
hours/year) with piping located in non-noise sensitive areas. The flow rates and
associated pipe sizes (see Pipe Sizing section) are shown in Table 6-5. At 12°F
delta-T, an 8" pipeisselected, while a6’ pipeis selected for the 20°F delta-T.
The 6” pipeisselected becauseit is smaller. The pipe sizing chart (see Table 6-8)
states that 815 gpm is the maximum flow rate for this pipe size for this
application. At 815 gpm, the delta-T is calculated to be 13.3°F.

Table 6-5 — Example Chilled Water Temperature Difference Selection

Low High AsDesigned

DT, °F 12 20 133
Flow rate, GPM 900 540 815
Pipe Size 8’ 6" 6"
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5. Select coil design delta-T. The previous step fixes the average plant delta-T.
However, the average plant delta-T should not be used for coil selections. Itis
recommended that coils be selected for adelta-T that is 2°F greater than the
design plant delta-T to allow for coil heat transfer degradation as the coil ages.
The coil performance modeled in manufacturers' selection programsisideal and
assumes clean waterside and airside surfaces. Real coilswill not perform aswell,
particularly asthey age and collect dirt on heat transfer surfaces. For example, if
al6°F delta-T is selected in step 3, coils should be selected for an 18°F delta-T2.

6. Select chilled water supply temperature. The previous steps set the design coil
and plant delta-T, but did not set the actual water temperatures. These are
determined by looking at coil selections for typical coils served by the system.
Using a manufacturer’s coil selection program, fix the delta-T and experiment
with different chilled water temperatures between 40°F and 46°F (or higher if air
handlers use warm supply air temperatures such as those serving underfloor
systems). Through experimentation, find the warmest chilled water temperature
that will keep coils from jumping into the next higher number of rows (e.g., from
6 to 8) or from requiring more than a given limit in fin-spacing density (e.g., 10
to 12 fins per inch) above which coil cleaning can be very difficult.

Note that not all coils have to be selected for the same delta-T aslong as the overall

average is maintained. For instance, one coil may serve aload that requires alower

supply air temperature than the average. If the plant design delta-T is used to size this
coil, it may require additional rows (e.g., 8 rowsinstead of 6). Try lowering the delta-

T for this coil until the number of rows drops, then select other coils with higher-

than-design delta-Ts to make up for the lower delta-T from this coil.

Selection of Condenser Water Design Temperatures and Cooling Tower

Selecting optimum condenser water temperatures is more complex than selecting
chilled water temperature due to the complex interaction between cooling towers and
chillers. Aswith chilled water, there can be significant first-cost savings from using
high condenser water delta-Ts, but the impact on energy usage is more complex. This
is because the effect on chiller efficiency varies so much depending on chiller type
and manufacturer. With chilled water, the supply fan energy impact was small so
increasing delta-T usually reduces total system energy costs. With condenser water,
the energy impact on the chiller of increasing supply and return condenser water
temperature is not small. Therefore, the optimum entering condenser water
temperature and delta-T are not readily determined.

The cooling tower selection and the strategies used to control the tower fans also

have a significant impact on the chilled water plant’s performance. Sizing the tower
for a close approach to ambient wet-bulb temperature will improve chiller efficiency,

1. Sometimes selecting coilsfor one delta-T (18°F in this example), then designing the chillers,
pumps, and piping system for another (16°F in this example) can cause confusion on design
drawings since flow rates may not “add up.” This especially can cause confusion if the system isto
be balanced. To mitigate this problem, coil schedules on plans should list both the “coil selection
flow rate” (based on the 18°F in this example) and the “design flow rate” (based on 16°F) that is
used for pump and piping design and for system balancing. Thereis an alternative way to achieve a
similar result but avoid the flow discrepancies: select the coils for the same delta-T as the chillers
but at awarmer entering water temperature. For instance, if the chillers are selected for 42°F and a
16°F delta-T, select the coils for 44°F water and a 16°F delta-T.
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but it increases tower fan energy and first costs. Other factors to consider are the
efficiency of the tower itself and the tower fan speed control options.

Ideally, the chiller, condenser water pumps and piping, and cooling tower would be
optimized as a package, but that is seldom practical. The chiller manufacturers do not
usually sell towers, seldom sell pumps, and almost never sell and install piping
systems, so there is o single source for bidding and pricing these components. Also,
because there are so many variables to be simultaneously optimized, it is not practical
to consider the entire range of possibilities.

To make optimization reasonable and practical, asimplified condenser water system
design procedure was developed. The principles underlying the procedure are based
on adetailed study conducted for asimple chiller plant. Aswith the optimization
procedure used to design the chilled waterside of the system (see Optimizing Chilled
Water Design Temperatures), this procedure is simplified and therefore may not
awaysresult in atruly optimum design for all applications.

Hereisasummary of the condenser water system design procedure. Each step is
discussed in detail in the subsequent sections.

1. Select tower fan speed control option.

2. Select tower efficiency.

3. Select tower range and approach temperatures.

4. Make preliminary tower selection(s) for usein selecting chillers (see Chapter 7).
5. Finetunetower selections after chillers are selected.

Tower Fan Speed Control

Tower fan control is required to maintain tower leaving water temperature under all

load and weather conditions. The common options (listed roughly in ascending order

of first cost premium) are:

= One-speed motor (cycling)

= Two-speed motor where low speed is half of full speed (1800 rpm /900 rpm)

=  Two-speed motor where low speed is two-thirds of full speed (1800 rpm /1200
rpm)

= Dual-motor drives. The smaller “pony” motor istypically designed for two-thirds
of full speed.

=  Variable-speed drives

Figure 6-5 shows the energy performance of these options. The performance of the
pony motor option will typically be close to the 100%/67% two-speed motor option.
The performance of the one-speed fan is not linear because of the “free” cooling that
occurs in the off-cycle due to the stack-effect induced natural draft through the tower.
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The optimum fan control option depends primarily of the number of hours the tower
operates under various load conditions. Thisin turnis afunction of the application
(e.g., office building, data center) and the tower control setpoint strategy. The
setpoint strategy is afunction of the chiller type (see Optimizing Control Sequences).
Despite these complex interactions, the following generalizations can be drawn from
studies of typical plants:

One-speed control is amost never the optimum strategy for the typical chiller
plant, regardless of weather, building occupancy type, or tower control strategy.
Energy savings from at least one of the two-speed options result in very short
payback periods. In addition, the two- or variable-speed options reduce noise and
wear-and-tear on belts.

At current costs, variable-speed drives are not cost effective relative to the two-
speed options, except for plants that run almost continuously (such as those
serving data centers). This may seem counterintuitive given how cost effective
variable-speed drives are on most applications. However, as Figure 6-5 shows,
the performance of two-speed motorsis close to that of variable-speed drives.
Also, for most chiller plants, it is cost effective to reset condenser water supply
temperature setpoint down below the design supply temperature much of the year
to reduce chiller energy (see Condenser Water Temperature Reset), which causes
the tower fan to operate at higher speeds, reducing the energy savings from
drives. Nevertheless, variable-speed drives offer other benefits, such as soft start
(which reduces belt wear) and lower noise when operating at less than full speed.
These considerations may warrant the use of variable-speed drives even if they
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are not cost effective based on energy savings. Furthermore, as variable-speed
drive costs continue to fall, they are expected to soon become cost effective and
may even soon become less expensive to install. For towers controlled by direct
digital control systems, variable-speed drives can reduce control system costsiif
they are fitted with network cards that allow them to be connected to control
system local area networks, eliminating the need for installing individual control
and status points.

»  The 100%/50% (1800 rpm/900 rpm) two-speed motor is somewhat more energy
efficient than the 100%/66% option, particularly when controlled as
recommended in the Condenser Water Temperature Reset section. The 1800/900-
rpm motor is available in a one-winding motor, which is less expensive than the
two-winding motor required for 1800/1200-rpm operation, although this savings
is partly offset by the higher cost of the starter. At low speed, towers driven by
1800/900 motors area also quieter than those driven by an 1800/1200 motor.

=  Pony motors are usually more expensive than standard two-speed motors but the
additional motor reduces exposure to motor failure. Note that this option is not
available on all tower types.

= For plants with multiple towers or multiple cells, provide two- or variable-speed
control on al cells, not just the “ lead” cells. The towers are most efficient when
al cellsare running at low speed rather than some at full speed and some off. For
instance, two cells operating at half speed will use about 15% of full power
compared to 50% of full power when one cell is on and the other is off.

In summary, the optimum fan control choice with respect to energy efficiency is
usually the two-speed, 1800/900-rpm one-winding motor. An exception is plants that
run nearly continuously; in that case, variable-speed drives are cost effective.

Tower Efficiency

Tower efficiency (as defined in ASHRAE Standard 90.1-1999) is the ratio of the
maximum tower flow rate (gpm) to the motor horsepower (hp) at standard Cooling
Tower Institute (CTI) rating conditions (95°F to 85°F at 78°F wet bulb). The
optimum tower efficiency depends on the number of hours the tower operates under
various load and weather conditions.

Two primary factors affect tower efficiency:

Fan type. Towers are commonly available with either propeller fans or centrifugal
blowers. The latter require about twice the fan power and are no less expensive. From
an energy and first-cost perspective, propeller fan towers (whether draw-through or
blow-through) should always be used. There are afew advantages to centrifugal fan
towers: they are generally quieter than propeller fan towers and they can operate
against alarger external static pressure drop, such as that caused by louvers when
towers are located indoors. However, the design can usually be modified to
accommodate propeller fan towers, such as by oversizing the tower to reduce fan
speed and noise, or oversizing intake louvers to reduce pressure drop. Because of the
severe energy penalty associated with centrifugal blowers, every effort should be
made to accommodate a propeller fan tower before considering a centrifugal fan
tower.

Fan pressure drop through the fill. Pressure drop is primarily a function of thefill's
size and design, but also can be affected by fan inlet and discharge configuration.
Most engineers use the standard tower selections available in manufacturers
catalogs. However, most manufacturers can provide custom selections: the tower and
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fill can be oversized to reduce pressure drop, thereby allowing the fan to be slowed
down, which reduces motor power. Whether thisis cost effective depends on the
application, weather, and the added cost to oversize the tower and to accommodate
the larger tower footprint and weight. Because these cost considerations vary so
much by project, it is difficult to generalize about whether oversizing towersis cost
effective.

To assist with this decision, Table 6-6 shows the maximum cost premium (dollars per
nominal cooling tower ton) that will result in a cost-effective tower for various
climates and two extreme applications, a data center (continuous operation, no
economizers) and an office (weekday operation with outdoor air economizers). The
data were developed from a simple chiller plant model (see the table notes for
assumptions) in typical California climates.

For example, the table shows that an improvement in tower efficiency from a
standard tower (with an efficiency of about 38 gpm per motor horsepower) to a high
efficiency tower (80 gpm/hp) for a cooling tower serving a San Diego office building
must cost no more than $1.00 per 1000 Btu/h of rejected heat (including the cost of
the tower, any additional architectural enclosure coststo hide the tower, any
additional structural costs due to the added weight, and any additional rigging and
installation costs). If the tower were serving a data center, the premium could be as
high as $2.80 /ton.

The premium for increasing tower efficiency varies widely depending on where the
initial selection fallsin the tower manufacturer’s equipment line. This study found
costs for the tower alone (price to owner, no installation premium) for an increase
from standard to medium efficiency to be as low as $0.20 up to more than $1.00 per
1000 Btu/h. Costs to increase tower efficiency to avery high efficiency tower (80 to
170 gpm/hp) were found to be about $2.00 to $3.00 per 1000 Btu/h.

These cost data suggest that, unless there is alarge premium due to architectural or
structural impacts, all towers should be oversized from standard selections to achieve
efficiencies on the order of 50 to 60 gpm/hp. Furthermore, towers in data centers
should be oversized to achieve very high efficiencies, above 80 gpm/hp.

In Table 6-6, the maximum premium increases as the climate gets milder. Although
counterintuitive, thisis the result of two factors. Mild climates tend to have less of a
range in wet-bulb temperatures (i.e., the difference between the average annual wet-
bulb temperature and the design wet-bulb temperature is less in mild climates than in
warm and hot climates. Also, in the analysis the condenser water setpoint was set
lower in milder climates. (See Table 6-6 notes.)

Hereisasummary of tower efficiency recommendations:
= Usepropeller fan towers as a genera rule;

= For plants serving offices and other standard commercia occupancies, evaluate
oversizing tower heat transfer area to improve efficiency to 50 to 60 gpm/hp at
CTI conditions; and

= For plants that operate many hours such as those serving data centers, evaluate
oversizing tower heat transfer areato improve efficiency to over 80 gpm/hp at
CTI conditions.
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Table 6-6 — Maximum Cost Premium ($ per nominal ton) for Cost-Effective Tower Oversizing

Maximum premium

Tower Efficiency @CTI $ per rejected 1000 Btu/h
- Design Wet- Conditions —
Cdifornia .
Climete bulb Temp. Example Cities (per Standard 90.1-1999) Application
(0.1%)
Data Center Office
Description gpm/hp
Medium 58 $1.30 $0.50
Hot Valley 373°F  Fresno, Sacramento
High 80 $2.00 $0.75
Medium 58 $1.80 $0.65
Warm Coastal ~ 70°F to 72°F Los Angeles, San Diego
High 80 $2.80 $1.00
Medium 58 $2.20 $0.75
Mild Coastal <70°F  San Francisco Bay Area
High 80 $3.30 $1.10

Assumptions: Cost of electricity = $0.08/kWh. No demand charge. Standard tower assume to have 38 gpm/hp efficiency. Simple
payback period fixed at 7.4 years. Base on tower performance data from Marley NC series towers. Tower leaving water setpoint set
equal to wet bulb.

Tower Range and Approach Temperatures

Table 6-7 shows the first-cost and energy impacts of condenser water temperature
difference within the ranges commonly used in practice. Higher delta-Tswill reduce
first costs (because pipes, pumps, and cooling towers are smaller), but the net energy-
cost impact may be higher or lower depending on the specific design of the chillers
and towers.

Table 6-7 — Impact on First Costs and Energy Costs of Condenser Water
Temperature Difference

(assuming constant condenser water supply temperature)

DT
Low High
Typica Range 8°F to 18°F
First Cost Impact smaller condenser smaller pipe

smaller pump
smaller pump motor
smaller cooling tower

smaller cooling tower motor

Energy Cost impact lower chiller energy lower pump energy

lower cooling tower energy

Figure 6-6 shows chiller, tower and condenser water pump energy usage for the
example building introduced in Figure 6-3 and Figure 6-4. The condenser water
temperature and delta-T were selected so that the cooling tower size and energy use
do not change. Asthe delta-T decreases, the temperature of the water returning to the
cooling tower decreases and the tower becomes less efficient. This requires the
condenser water temperature leaving the tower to rise (or the tower size must be
increased).
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For the chiller used in thisanalysis, a 14°F delta-T resulted in an optimum overall
plant energy usage when pipe sizes are maintained constant (the assumption in Figure
6-6), which maximizes pump energy savings. When pipe sizes are reduced, pump
energy savings are reduced and the plant's overall energy usage will be optimum in
the 12°F to 14°F range for this particular chiller. But not all chillers behave the same
way: some, such as the 1-stage hermetic centrifugal chiller modeled here, are
relatively sensitive to increases in condensing pressure that occur when delta-T is
increased, while others, such as multi-stage centrifugal chillers, are not.

As part of the simplified design presented in this chapter approach, the following
procedure is suggested to pick the tower range (condenser water delta-T):

1. Determine the flow rate required using arange of 10°F on the low end and 15°F
on the high end for 1-stage centrifugal chillers, and 12°F on the low end and
18°F on the high end for positive displacement chillers or multi-stage centrifugal
chillers. If the chiller type has not yet been determined (as is often the case if the
performance specification bid technique recommended in Chapter 7 is used),
look at flow rates using 12°F and 18°F.

2. Seewhat pipe size (see Pipe Sizing section below) these two flow rates will
result in for the main distribution pipes. In most systems, there will be amain
header pipe and branch piping to each condenser and each tower cell. Check the
pipe sizein the header as well asin each branch if that is practical for each flow
rate. In most cases, the flow at the high range will require one or perhaps two
pipe sizes smaller than that at the low range.

3. Pick the smallest pipe size that can accommodate the flow ranges above, then
adjust the condenser water delta-T downward so that the resulting flow rate will
“max-out” the largest pipe sizes at the plant.

This procedure attempts to minimize cost by reducing pipe size as much as possible,

but then taking full advantage of the resulting pipe size to minimize delta-T to reduce

chiller energy.
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Next, determine the tower approach. For amost al plants, the chiller and tower
efficiency will be lowest when the condenser water temperature islowest. In the
analysis of the simple plant described in Table 6-6, it was found that for plants that
run long hours (e.g., data centers) a medium-efficiency tower with a 5°F approach or
a high-efficiency tower with a 7.5°F approach were generaly life-cycle cost optimum
unless the costs to house and support the larger towers were very high relative to
towers of lower efficiency and higher approach. For plants operating relatively few
hours per year, such as those serving typical office and retail occupancies, the
optimum tower selection was not definitive and depended on weather, tower
efficiency, range, fan control, and (perhaps most significantly) where the tower
selection fell in the manufacturer’ s range. In some cases a standard tower with 15°F
approach would be life-cycle cost optimum while in others the high efficiency 5°F
approach was optimum if installation costs (other than for the towers themselves)
were similar.

Because the tower selections and costs play alarge part in selecting the optimum
tower selection, before laying out systems or selecting chillers, towers should be
selected using a competitive bid process as follows:

1. Prepare abid specification for the cooling towers much like the sample chiller
bid specification included in Appendix B and Appendix C.

2. Select one or more tower vendors based on past relationships and experience.

3. Limit tower selection to those with propeller fans unless the physical location
requires the use of centrifugal fans.

4. Require that towers be CTl-certified, or require some other form of performance
assurance such as afield test.

5. Specify aminimum number of towers or tower cells, the tower materials (e.g.,
stainless steel), and other options.

6. Include space and weight constraints, if any.

7. Specify design wet-bulb temperature. Thisis generaly the 0.1% Design Wet
Bulb temperature from ASHRAE Publication SPCDX.

8. Specify condenser water flow rate and range determined as described abovein
this section.

9. Specify tower efficiency at a minimum of 50 gpm/hp at CTI conditions.
10. Specify approach temperatures for alternate pricing of standard catalog offerings:

» For plants that operate many hours, such as those serving data centers,
request multiple selections with approaches from approximately 7.5°F down
to 5°F.

» For standard commercial plants, evaluate three or four approaches from 15°F
down to 5°F.

11. Notethat it is not necessary to deliver a certain approach temperature precisely
since they are arbitrary; the selections should simply state exactly how cold the
water can be delivered with the fan at full speed.

12. For each selection made, request that the vendor then oversize the tower heat
transfer areain order to drop motor horsepower one size. For plants operating
long hours, also evaluate dropping motor horsepower two sizes.

Request the following data for each selection:
=  Model number
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» Priceincluding taxes and freight to jobsite

» Physica dataincluding operating weight

= Motor horsepower

= Leaving water temperature at specified flow rate and wet-bulb conditions

= Flow rate at CTI standard conditions (95°F to 85°F at 78°F wet bulb). This
will be used to calculate tower nominal efficiency.

Once prices are collected, many options can be eliminated by closer analysis. For
instance, some higher performing towers may have alower price than lower
performing towers due to the shape or added cost of higher horsepower motors.
Eliminate other options related to size constraints and weight constraints. At this
point, there will usually be several optionsleft. The designer can then follow one of
two approaches:

1. Evauate the energy performance of each option using the Cool Tools Chilled
Water Plant Analysis Program (CWPAP) with a“standard” default chiller plant
found in the Cool Tools library. Pick the tower with the lowest life-cycle cost and
base the chiller specification (see Chapter 7) on this selection.

2. Provide multiple tower choicesin the chiller specification (see Chapter 7) and
alow the chiller vendors to designate which tower they would like to use with
each of their chiller options. Include both performance and pricein the
specification so that chiller vendors will understand the cost premium. This will
allow vendors with chillers that operate efficiently at high head to pick atower
with high approach, while another vendor whose chillers operate best at low head
may choose atower with low approach. (The disadvantage of this step isthat it
further complicates an already complex chiller selection procedure.)

Fine-Tuning Tower Selections

Once the final chiller selections are made (see Selecting Type, Number and Size of
Chillers below), it may be necessary to fine-tune the selection of cooling towers. For
instance, the size and number of tower cells may have to be adjusted to correspond to
the size and number of chillers. Most cooling towers will have both a minimum and
maximum flow rate as recommended by the manufacturer. The minimum rateis
usually that required to keep the fill (“wet deck”) of the tower fully wet. If part of the
fill isalowed to run dry, air will bypass the wet sections and tower efficiency will
fall. With centrifugal fan towers, this can also cause the fan motor to overload and
trip as pressure drop falls and the fan runs out its curve. It aso can cause increased
scale build-up on the wet deck surfaces. For these reasons, it is best to design the
system so that flow will remain within the range recommended by the manufacturer.
If chillers and associated condenser water pumps are of different sizes, this may
require that tower cells be selected with different sizes corresponding to the chiller
sizes. Alternatively, tower manufacturers can usually adjust the applicable flow range
of atower by changing spray nozzles or adding dams or other devicesin distribution
pans. For multi-cell towers, isolation valves may also be required at each cell to
prevent low tower flow rates when only one or afew chillers are operating.

Selecting Type, Number, and Size of Chillers

Design and selection procedures for chillers are discussed in Chapter 7. The
procedures are included in a separate chapter to make them easier for engineers to
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use for retrofit and other projects that do not include the design of the chilled and
condenser water systems addressed in this chapter.

Optimizing Piping Design

Pipe Sizing

Traditionally, most designers size piping using rules of thumb, such as limiting
friction rate (e.g., 4 feet per 100 feet of pipe), water velocity (e.g., 10 feet per
second), or a combination of the two. These methods are expedient and reproducible,
but they seldom result in an optimum design from either afirst-cost or life-cycle cost
perspective.

Selecting the optimum pipe size for a given design flow rate is a function of:

= Location of pipein the system (whether or not in the “critical circuit,” i.e., the
circuit that determines pump head);

= First costs of installed piping;

= Pump energy costs, which in turn will depend on pump and motor efficiency,
distribution system type (constant or variable flow), annual flow profile through
the system as well as the pipe in question, type of pump control (variable speed
or riding pump curve), etc.;

» Erosion considerations (high velocities can contribute to hastening of pipe wall
deterioration);

» Noise considerations, such as velacity limits to minimize noise caused by
turbulence and the proximity of the pipe to noise-sensitive areas;

= Physical constraints; and
» Budget constraints.

First costs and energy costs could be combined into a piping system life-cycle cost.
Ideally, each pipe in a system would be selected to minimize life-cycle costs, within
the erosion, noise, physical and budget constraints noted above. Thisis obviously not
practical with today’ s design tools. The sizing procedure described in this section was
devel oped to approximately account for the above considerations while still being
fast and easy to use.

Table 6-8 isa pipe-sizing chart that can be used for sizing chilled and condenser
water piping. The chart is based on following criteria:

1. Velocity islimited to minimize erosion of pipes based on common rules —of
thumb published in various handbooks (e.g. Carrier System Design Manual,
ASHRAE Handbook). These velocity limits are:

= 15fpsfor systems operating less than 2000 hours/year;

= 14 fpsfor systems operating 2000 to 3000 hours/year;

= 13 fpsfor systems operating 3000 to 4000 hours/year;

» 12 fpsfor systems operating 4000 to 6000 hours/year; and
= 10 fpsfor systems operating more than 6000 hours/year.

2. Theselimitsonly tend to apply to large pipe sizes, the small sizes are primarily
selected by energy limitations. While these and similar maximum velocity
guidelines have been around for years, they have never been corroborated by
research. In fact, most of the research on this issue has indicated that unless there
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are particles or air bubbles in the water, there islittle erosion of piping regardless
of velocity, within the normal velocity ranges found in commercial systems.

Velocity islimited in “noise sensitive” columns of the table to that expected to
avoid noise problems, assumed to be 3 fpsin %4’ pipeslinearly up to 20 fpsin
30" pipes. Again, these noise-based velocity limits are rules of thumb developed
by acoustical engineers (Wilson, 1988)2. Many engineers argue that water
velocity is unrelated to noise, and that air in the system—not turbulence—is the
primary cause of noise. The designer may choose to ignore these rule-of-thumb
noise limitations by always selecting pipe sizes from the “non-noise sensitive”
columns.

3. Except aslimited above, pipe sizes are based on the life-cycle cost of the piping
and the associated pumping system. Assumptions include:

= Cost per “equivalent” foot of pipe was developed from installed costsfor a
“typical” piping system in the San Francisco East Bay Area using 1992 labor
and material costs. The typical system included 100 feet of straight pipe, ten
90° elbows, 4 valves (either butterfly or ball), 6 couplings or flanges, 1 check
valve, 1 Y-type strainer and 12 hangers. The total pressure drop in
“equivalent feet” was calculated using Carrier System Design Manual data.
The average cost per equivaent foot of pipe was calculated by dividing total
cost by total pressure drop in equivalent feet. Piping costs were based on
copper type L with 95/5 solder for piping 2" and less, and black steel
standard weight for 2-1/2” and larger pipe.

= Pump and motor combined efficiency was assumed to be 60%.

= For “variable flow” piping, the average energy requirement was assumed to
be 65% of peak requirement.

* Energy costs were based on $0.09/kWh average with an energy cost
escalation rate of 1%.

» Thediscount rate was assumed to be 10% with alifetime of 20 years.

» Resultswere generalized to best fit straight lines on afriction chart for
simplifying the method’ s graphical presentations.

» Costsfor 5" pipe vary significantly by market conditions and often are close
to costsfor 6” pipe because 5" pipeis not often used (in other words, the
costsfor 5” pipe are high because of market conditions, not because of the
inherent cost of the pipe). But showing only a narrow range over which 5”
pipeis optimum will simply perpetuate that market situation, so the
applicable life-cycle cost optimum flow ratesfor 5" pipe were arbitrarily
increased to about midway between 4” and 6" pipe.

The case study at the end of this chapter provides an example of how to use this pipe
sizing chart.

2. Wilson, George. 1988. Wilson Ihrig Associates, Oakland, Calif. Unpublished information
from an ASHRAE Golden Gate Chapter seminar.
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2000 hours/year 4400 hours/year 8760 hours/year
Pipe Noise Sensitive Non-noise Sensitive Noise Sensitive Non-noise Sensitive Noise Sensitive Non-noise Sensitive
Size Congtant Variable Non- Congtant Variable Non- Congtant Variable Non- Congtant Variable Non- Congtant Variable Non- Congtant Variable Non-

Flow Flow critical Flow Flow critical Flow Flow critical Flow Flow critical Flow Flow critical Flow Flow critical
vzt 22 22 22 2.3 2.3 10 2.2 2.2 2.2 2.3 2.3 8.7 2.2 2.2 22 2.3 2.3 7.3
3/4" 4.5 4.5 4.5 59 59 21 45 45 45 59 59 18 45 4.5 4.5 59 59 15
1" 85 85 85 13 13 36 85 85 85 13 13 31 85 85 85 13 13 26
1-v4" | 16 16 16 22 22 55 16 16 16 22 22 47 16 16 16 22 22 39
1-1/2" | 24 24 24 35 35 78 24 24 24 35 35 67 24 24 24 35 35 55
2" a7 a7 a7 74 74 135 a7 a7 a7 50 74 115 a7 a7 a7 49 74 95
2-12" | 82 82 82 99 120 210 75 82 82 75 107 180 65 82 82 65 100 150
3" 138 138 138 165 210 325 126 138 138 126 180 275 100 138 138 100 170 230
4" 278 278 278 310 410 555 250 278 278 250 355 475 200 278 278 200 340 395
5" 500 500 500 505 725 870 405 500 500 405 580 750 325 445 500 325 445 625
6" 765 765 765 815 1125 1260 615 765 765 615 880 1080 485 695 765 485 695 900
8" 1480 1560 1560 1480 1990 2180 1115 1560 1560 1115 1600 1870 885 1260 1560 885 1260 1560
10" 2400 2825 2825 2400 2900 3440 1775 2500 2825 1775 2500 2950 1410 2050 2825 2455 2050 2455
12" 3450 4470 4470 3450 4520 5000 2560 3700 4290 2560 3700 4290 2015 2880 4470 3575 2880 3575
14" 4200 5275 5800 4200 5275 6015 3120 4500 5155 3120 4500 5155 2460 3500 5800 4295 3500 4295

Definitions:

“Noise sensitive” refersto piping in ceilings, shafts, etc. adjacent to occupied spaces.

“Non-critical” refersto branch piping that is not in the circuit that has the highest pressure drop in the system. All other datain the table refers to piping on the critical circuit, i.e., that which
determines the pump head. Caution: When sizing pipe using the “ non-critical” column, check that pipeis not sized so small that it becomes the critical branch. Use this column with

caution!

“Constant flow” refersto piping in the critical circuit that will cause the pump to operate at near constant flow and power usage.

“Variable flow” refersto piping in the critical circuit through which flow varies so that pump energy usage will vary.
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Selecting Valves and Fittings for Energy Savings

To minimize the energy use of piping systems, piping system pressure drop must be
minimized. The procedures described in Pipe Sizing above will result in near
optimum pipe size for straight pipe and fittings. However, accessories such as valves,
strainers, etc. also are major contributors to system pressure and must be optimized
by proper selection. The following recommendations should be considered:

Valves. Use ball valves or butterfly valves for all isolation and balancing valves.
These valves offer both very low pressure drop and low cost. Standard two-piece ball
valves come in two types: full port (the opening in the ball is the same as the pipe
size) and standard port (the hole is smaller than the pipe size). Full port ball valves
have alower pressure drop but cost more than standard port ball valves. It may be
cost effective to use the full port valve for valveslocated in the “critical circuit” (the
circuit that has the highest pressure drop and that determines the pump head).
Otherwise, standard port ball valves are the most cost effective. Gate valves also have
alow pressure drop but they are more expensive, lessreliable for tight shut-off, and
cannot be used for balancing. Do not use globe valves, plug valves, or angle valves as
isolation valves.

Balancing valves at pumps. Do nhot install balancing devices, such as calibrated
balancing valves or so-called “triple-duty” valves, at pumps. These devices have
much higher pressure drops than standard shut-off valves (butterfly or ball valves)
and check valves. Thisis particularly true for pumps with variable-speed drives for
which balancing should never be done at the pump. All balancing (flow throttling)
should be done using the balancing device at each coil or heat exchanger, if it is done
at al (see Balancing Considerations in Chapter 4).

Balancing devices at coils. For the “critical circuit,” either eliminate the balancing
valve (see Balancing Considerations in Chapter 4) or use alow pressure drop
balancing valve. The lowest pressure drop and lowest cost option isto use ball or
butterfly valves for balancing, with flow indicated indirectly by coil pressure drop.
Thisistypically measured using a hand-held pressure gauge at test portsinstaled on
either side of the coil. Automatic flow control valves (particularly those that require
inlet strainers) and calibrated balancing valves will require significantly higher costs
and pressure drop, athough they alow flow to be more accurately measured and
balanced. Calibrated balancing valves that use ball valves have alower pressure drop
than calibrated balancing valves that use globe valves.

Srainersat coils. Consider not installing strainers upstream of cails, asis often done
to protect control valves. Strainers located at pumps usualy eliminate sufficient
debris from the system that problems seldom occur at coils. Fine debris can pass
through coils and control valves without causing damage. In fact, strainers at coils
may be the cause of flow problems since they often are not easily accessible for
maintenance so they get clogged and restrict flow.

Optimizing Control Sequences

This section provides assistance for design and operating engineersin developing
chiller plant control sequences. Because all plants are different, sequences may not be
applicable or may not be optimum for all applications.
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Staging Chillers

The optimum strategy for staging chillers will depend on whether or not the chillers
have variable-speed drives. Figure 6-7 and Figure 6-8 show the performance of fixed-
speed versus variable-speed chillers. The efficiency of the fixed-speed chiller is
better at part load than at full load (in part because condenser water temperatureis
assumed to fall asload falls, so-called “ condenser relief”) but for most chillers,
efficiency will start to rise above design efficiency at about 40% to 50% load.
Because of the operation of ancillary equipment, such as condenser and chilled water
pumps, the overall plant efficiency will start to degrade at an even higher part-load
point. But variable-speed chillers, like variable-speed pumps and fans, do not suffer
from this degradation in efficiency until the load is very low, about 20% to 25% of
full load.

100% -

90% -
80% | e Fixed Speed
Variable Speed

70% +
60% -+

50% -

%k W

40% -+

30% -

20% +

10% ~

0% T T T T 1
0% 20% 40% 60% 80% 100%

% Load (with Condenser Relief)

Figure 6-7 — Typical Chiller Part-Load Performance with and without Variable-
Soeed Drives

(includes “ condenser water relief” as defined in ARl 550/590)
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The net effect of these chiller performance characteristics, when combined with the
energy usage of ancillary pumps and tower fans, is that:

For a plant composed of single-speed chillers, control systems should be
designed to operate no more chillers than required to meet the load. Thisisless
important if there are very many chillersand it is possible to keep them al at
75% load or higher. In general, running more chillers than required to meet the
load will cause the chillers to operate inefficiently and/or cause additional pumps
and tower fans to operate such that overall plant efficiency will degrade.

In asingle-speed chiller plant, staging chillers on is straightforward: a new chiller
is started when the operating chillers are no longer able to meet the load, as
indicated by one or more of several “load indicators.” Common load indicators
include plant leaving water temperature and chilled water valve position. For
plants that have the ability to reset chilled water temperature, it isimportant that
the chilled water temperature of operating chillers be reset as low as possible to
ensure chillers are fully loaded before starting the next chiller. This reduces the
efficiency of the operating chiller, but for most single-speed chiller plants, the
total plant energy use will be less than if another chiller were started.

Staging chillers off is much more difficult because “load indicators’ usually only
indicate when chillers should be staged on; they cannot readily indicate when the
plant could be operating with one less chiller. Typicaly, chillers are staged off
based on plant tonnage calculated from flow and supply/return water
temperatures. For constant volume systems, such as the primary side of a
primary-secondary system, flow istypically presumed from design data or
measured once during balancing and assumed constant thereafter, thereby
making a flow meter unnecessary. For primary-secondary systems, a flow meter
in the bypass can be used for staging; a chiller is staged off when the excess flow
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in the primary circuit exceeds the flow from the chiller to be staged off. Chillers
must be staged off conservatively; staging a chiller off prematurely will cause it
to stage back on too quickly, causing excessive wear on the chiller and starters.

= A plant composed of variable-speed chillers should attempt to keep as many
chillers running as possible, provided they are al operating at above
approximately 20% to 35% load. For example, for the typical variable-speed
chiller plant, it is more efficient to run three chillers at 30% load than to run one
chiller at 90% load. The exact minimum load point will depend on the relative
power required by ancillary devices (particularly condenser water pumps),
cooling tower control strategies, the number of chillers, and exact chiller
performance characteristics. It can be determined by experimenting with the
CoolTools model of the plant. Operating more chillers than necessary to meet the
load may seem counterintuitive but the logic is the same as when operating other
multi- or variable-speed HVAC equipment. For instance, as noted above, running
two tower fans at half speed will use about one-third the power of running one
tower fan at full speed and shutting the other fan off.

One of the benefits of variable-speed chillersisthat they make staging chillers
off and on less complex. While staging single-speed chiller plants can require
complex stage-on and stage-off routines designed to keep as few chillers
operating as possible, variable-speed chillers are efficient over awide range of
load conditions so it is not critical to stage chillers on and off with precision. For
optimum control, chillers must be staged by load, typically calculated from flow
and supply/return water temperature measurements. The load indicators used for
single-speed plants (described above) do not work for variable-speed chiller
plants because they only indicate when the plant has “maxed out” operating
chillers and needs to start another chiller. For variable-speed chiller plants, it is
more efficient to start chillers long before any chiller has reached full load.

In some plants, chillers cannot be staged on based on load aone but must also be
staged to maintain minimum or maximum flow rates. The strategy will depend
on whether the chilled water distribution system is a primary-only or a primary-
secondary system:

= For primary-only systems, if delta-T degrades significantly at part load, chillers
may have to be staged on to prevent flow through active chillers from exceeding
the maximum flow rate recommended by the manufacturer. In cases of
significant delta-T degradation, flow may be bypassed through an inactive chiller
with active chillers producing colder chilled water, so that the blended
temperature meets the plant leaving water temperature setpoint. Note that
reaching this maximum flow limit should never occur in awell-designed plant,
that is, a plant designed to minimize delta-T degradation and designed for high
chilled water delta-Ts at design conditions.

= For primary-secondary systems, chillers must be started in order to ensure that
the primary chilled water flow rate exceeds the secondary loop flow rate. If it
does not, then the supply water temperature to the coils will be a mixture of the
supply water from the chillers and the return water from the coils. Thiswarmer
water will cause chilled water valves to open, further increasing secondary flow,
which in turn further warms supply water. Eventually, the chilled water valves
will be wide open and coils can be “starved,” in other words, unable to meet
loads. (Placing a check valve in the common leg can a so resolve this problem;
see Low Delta-T Strategy 3 — Add Check Valvein Common Pipe, in Chapter 4).
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Pumps

Primary pumps on primary-secondary systems generally must be staged with chillers:
if achiller is started, then a pump is started; if achiller is stopped, a pump is stopped.
Condenser water pumps in conventional designs are controlled in the same manner. It
isusually agood ideato have the chiller control panel make these start/stop
commands as opposed to the plant control system. In other words, the plant control
system tells the chiller to start, then the chiller tells the chilled water and condenser
water pumps to start (and also opens automatic isolation valves on headered pumping
systems; see Figure 4-14C and Figure 4-27). This ensures that the pumps are started
and stopped with the proper timing and time delays, potentially eliminating nuisance
chiller trips. It also can save alittle condenser water pump energy at low load; when a
chiller internally cycles the compressor off at low load, it can command the
condenser water pump to stop. The plant control system could not reliably provide
this sequencing.

Staging secondary pumps in primary-secondary systemsis generally done based on
valve position (when thisis known), flow, or differential pressure measured in the
system near coils. The latter is most common, particularly when pumps have
variable-speed drives. With both fixed-speed and variable-speed pumps, the optimum
control isto operate only as many pumps as necessary to satisfy flow and pressure
regquirements. For fixed-speed pumps, this also minimizes differential pressure across
control valves since running excess pumps causes the pumps to ride up their curves.
Staging logic for systems with three or more fixed-speed pumps also must ensure that
pumps do not ride too far out their curves, causing cavitation. It is common, for
instance, that on a three-pump system, at least two pumps must operate due to this
limitation.

V ariable-speed pumps eliminate this concern, in addition to their energy saving
benefits. Unlike variable-speed chillers though, variable-speed pumps are usually
best staged like fixed-speed pumps to minimize the number of pumps operating. This
is because the pumps all pump through the same circuit (other than the pipesinto and
out of the each pump between headers) so there are not “cube-law” energy benefits
for each pump individually. Because of the minimum differential pressure being
maintained at coils (which causes the system curve to bend off of the ideal curve at
low flow, reducing pump efficiency) and because motor efficiency falls rapidly at
low loads, running excess pumps will increase energy use. The typical control
sequence with multiple variable-speed pumpsisto stage a pump on when the
operating pumps are at full speed for a period of time and differential pressure falls
below setpoint, and to stage pumps off when the speed of operating pumps falls
below a certain setpoint. This setpoint can be derived from pump curves or by
experimenting with the actual system in the field.

Staging primary pumps in a primary-only variable-flow system isidentical to staging
secondary pumps as described above. The pumps must respond to the flow and
pressure requirements of the system, not to the load. For headered variable-speed
pumps (Figure 4-8), it is not necessary to start a pump when a chiller starts. For
instance, two pumps may be able to meet the flow requirements for three chillers
over awide flow range. Thisis one of the advantages of thisdesign and it is therefore
recommended for primary-only variable-flow systems over dedicated pumps piped
directly to each chiller (see Primary-Only vs. Primary-Secondary in this chapter and
the discussion on Figure 4-14 in Chapter 4).
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For variable-speed pumps, speed is generally controlled to maintain differential
pressure (DP) measured in the system near the most hydraulically remote coils (those
requiring the most pump head). The DP setpoint should be determined by the system
balancer using one of the following procedures depending on whether or not the
system is balanced (see Balancing Considerations in Chapter 4):

»  For systemsthat are fully balanced, the setpoint is simply the differential
pressure reading when all coils are balanced and operating at design flow rates.
The most remote coil should have its balance valve fully open if the system is
properly balanced.

= For systemsthat are not balanced, the setpoint is determined by closing all
control valves except the one serving the most remote coil. Manually adjust
pump speed until flow through the coil reaches design rates. The differential
pressure reading at this condition becomes the setpoint. (If there are several coils
that might be considered the most “remote,” repeat the procedure for each and
use the highest resulting setpoint.)

The DP setpoint should be reset to minimize pump energy usage under low load
conditions. Thisis most reliably done by monitoring valve position and resetting the
setpoint as required to maintain the most open valve near full wide open, although
this control loop can be difficult to tune. Reset is highly recommended when the DP
sensor is close to the pump. This location necessitates that the setpoint be relatively
high so that water can be delivered under design flow conditionsto all coils, but the
setpoint is much higher than it need be when flow rates are less than design.

Chilled Water Temperature Reset

Chillers are more efficient at higher leaving water temperatures. Resetting the chilled
water temperature setpoint upward when loads are low is aways an effective energy-
saving strategy for constant-flow systems. Reset may or may not be an energy-saving
strategy in variable-flow systems. High chilled water temperature will reduce coil
performance, so coilsin two-way valve systems will demand more chilled water for
the same load, degrading delta-T and increasing flow and pump energy requirements.
Whether the net energy savings (chiller energy decrease less pump energy increase)
is positive and sufficient to offset the cost of implementing the reset strategy will
depend on chiller performance characteristics and the nature of coil loads. During
mild weather when delta-T is bound to degrade because of low flow and low load
effects, resetting chilled water supply temperatures will have little or no effect on
delta-T and thus will surely provide net energy savings. Smaller plants with low
pumping distribution losses will also usually benefit from chilled water reset. For
large plants with high pumping distribution losses, raising chilled water temperature
will probably increase pumping energy more than it reduces chiller energy, resulting
in anet increasein plant energy usage. Large plants may even benefit from lowering
chilled water setpoint below design levelsin mild weather due to the increase in
delta-T this causes. As noted in the Staging Chillers section above, chilled water reset
should also be used to lower chilled water temperature to load up constant-speed
chillers before staging on new chillers.

Reset strategies include:
= Resetting inversely proportional to outdoor air temperature;

» Resetting from return water temperature, either indirectly by maintaining a
constant return water temperature or resetting the setpoint proportional to return
water temperature; and
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» Resetting from chilled water valve position.

Thelast strategy istheoretically the best since, unlike the other two strategies, it will
prevent reset from inadvertently starving coils. However, it may be impractical in
some plants (e.g., one serving alarge campus) to feed all the valve signals back to the
central plant control system. Even where the valve positions are known, thisisa
complex strategy to implement and tune, particularly when valve position is also
being used to reset pump differential pressure setpoint. Therefore, a conservative
reset strategy based on outdoor air temperature can be the most practical and stable
approach. (When reset of both DP setpoint and chilled water supply temperature are
done by valve position, the two must be coordinated to prevent unstable control. One
way to do thisisto use the valve position of the most remote coil(s) for DP reset and
use all the others for chilled water temperature reset. Both loops must be slow acting
to prevent hunting.)

Note that, contrary to conventional wisdom, the impact of reset on the
dehumidification capability of air handlersis quite small and should not be a concern
in any California climate. The humidity of air leaving a coil is primarily afunction of
the coil leaving dry-bulb temperature, which is afunction of the cooling load and
independent of water temperature. Lowering water temperature only slightly
improves the dehumidification capability of cooling coils for the same sensible load.

Condenser Water Temperature Reset

The optimum condenser water setpoint strategy is afunction of the efficiency of the
tower and the impact reset has on the chiller’s efficiency, which will vary by chiller
type. For chillersthat gain alarge efficiency improvement by operating at low
condenser water temperature (e.g., open-drive single-stage centrifugal chillers), the
tower optimum setpoint will be low at al times. For chillersthat are efficient at high
head (e.g., multi-stage chillers), the best strategy will be to have higher setpoints and
take advantage of tower fan energy savings. The following are suggestions for
determining the best condenser water temperature reset strategy for a given plant:

= Some chiller manufacturers offer proprietary control schemes for dynamically
optimizing reset. Thisis probably the best option if it can be implemented
without alarge investment in control equipment (e.g., if the manufacturer will
allow the scheme to be programmed into the plant’s control system rather than
having to purchase a second control system, or if the chiller plant control system
was provided by the chiller manufacturer).

= |f the plant is modeled on the Cool Tools Chilled Water Plant Analysis Program
(CWPAP), different strategies can by evaluated by trial and error. (However, the
current CWPAP islimited in its ability to model sophisticated reset schemes.
Future improvements to the program will include additional control models.)

= For two-speed tower fan motors, studies have shown that the following simple
strategy yields near optimum performance for many chiller/tower combinations.
Stage low speed on each tower cell to maintain the minimum temperature the
chiller manufacturer recommends (typically around 60°F but often expressed as a
fixed difference above the leaving chilled water temperature). Stage high speed
on each cell to maintain a setpoint equal to the design wet-bulb temperature. This
strategy prolongs the time that the towers are operating at low speed, which is
when they are most efficient.

» For variable-speed tower fan motors, the optimum setpoint will tend to be higher
than with two-speed towers since the tower is most efficient when operating at
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low speeds. The above sequence for two-speed motors can be mimicked by
controlling fan speed to maintain the manufacturer’ s recommended minimum
setpoint, but limiting maximum speed from 50%—when the water temperatureis
at or below setpoint—proportionally up to 100% when water temperature reaches
the design wet-bulb temperature.

» Resetting the condenser water setpoint to afixed value above the outdoor air wet-
bulb temperature has not proven to provide near optimum results. It also requires
the use of a maintenance-intensive outdoor air humidity sensor.

Thermal Storage

Thermal storage systems can offer significant energy cost savings where energy costs
are based on time-of-day or real-time pricing. The design of these systemsis beyond
the scope of this Design Guide. For information, refer to ASHRAE's Design Guide
for Cool Thermal Storage (Dorgan and Elleson, 1994)3.

3. Dorgan, C.E., and J.S. Elleson. 1994. Design Guide for Cool Thermal Storage. Atlanta: American
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.
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Case Study

This example shows how the chiller plant optimization technique described in this
chapter can be applied to alarge high-rise office building. The sample building
served is 15 stories high, enclosing 540,000 ft? in San Francisco, California. The
building primarily contains offices, with some assembly and retail space on the
ground floor, a 5,000-ft* data center, and a large cafeteria. The data center and
various small server rooms operate continuously and place roughly a 50-ton base
load on the plant. Total plant load was calculated to be 1,100 tons.

The HVAC system for most areas consists of six large air handlers serving a variable
air volume distribution system. Auxiliary loads, such as the data center and server
rooms, are served by chilled water computer room units or fan coils.

Hereisalist of stepsfollowed to optimize the chiller plant:

1. Select chilled water distribution system flow arrangement (see Selecting Chilled
Water Distribution System Flow Arrangement and Chapter 4).

The system has six large air handlers plus various smaller fan coils and computer
room units. Based on Table 6-1, the application is partly application 3 (many
large coils) and partly application 6 (many small coils). Therefore, ahybrid of the
recommended systems for these two applicationsis selected, as shown in Figure
6-9. (The figure shows the final chiller selections that were determined later in
the analysis.) The system is a primary-secondary system with the large coils
served by distributed primary pumps located at each coil. The miscellaneous fan
coils and computer room units are served by a pair of conventional secondary
pumps.

Note that a check valve has been provided in the common leg of the primary-
secondary system to ensure that primary flow is always less than secondary flow.
This places the primary and secondary pumps in series during transients such as
cool-down (which are all but non-existent in the San Francisco climate).

2. Select chilled water temperatures, flow rate, and primary pipe sizes (see
Optimizing Chilled Water Design Temperatures).
The overall plant capacity is 1,100 tons. The primary loads are the six 140-ton
AHUSs, two located on the 16™ floor mechanical penthouse and four on the 6™
floor. Another 260 tons of auxiliary load is served by the two traditional
secondary pumps. This load includes a 75-ton data center (actual expected load
of 50-ton), fan coils serving server rooms, retail spaces, and miscellaneous
equipment rooms, plus 125 tons for future unknown tenant loads. The primary
piping will be at the chillers (total 1,100 tons), the main chilled water riser down
to the 6™ floor (820 tons), and the piping to the main fan systems on the 6" floor.
Using 12°F and 18°F delta-Ts, the flows and pipe sizes (sized per Table 6-8
assuming 2000 hour/year operation) are:
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12°F DT 18°F DT
Section Load, tons Application oM Zizl? oM Zizl?
Main system piping 1100 Non-noise sensitive, variable flow 2200 10" 1467 8’
Main riser to 6™ floor 820 Noise sensitive, variable flow 1640 10" 1093 g’
Piping to main AHU coils 140 Non-noise sensitive, variable flow 280 4" 187 3
Piping to main auxiliary coils 260 Noise sensitive, variable flow 520 6" 347 5"

£F
==

e

Figure 6-9 — Example Chilled Water System Schematic

The smallest pipe sizes under the 18°F delta-T were selected and the flows
and delta-Ts chosen to “max-out” the pipe size with the following results:

Maximum

Section Load, tons Application Pipesize GPM Resulting DT
Main system piping 1100 Non-noise sensitive, variable flow 8" 1990 13.2
Main riser to 6™ floor 820 Noise sensitive, variable flow 8" 1560 12.6
Piping to main AHU coils 140 Non-noise sensitive, variable flow 3" 210 16.0
Piping to main auxiliary coils 260 Noise sensitive, variable flow 5" 500 125
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To make the 3" pipe work at the coils, the delta-T must be at least 16°F. This
can be adifficult delta-T to provide at small fan coils. So two delta-Ts are
selected, 16°F for the main AHU coils and 12.5°F for the auxiliary loads.
Hence, the design is based on the following flows and delta-Ts:

Section Load, tons Pipesize DesignGPM DT
Main system piping 1100 8 1760 15
Main riser to 6™ floor 820 8 1340 14.7
Piping to main AHU coils 140 3 210 16.0
Piping to main auxiliary coils 260 5 500 125

Caoil selectionsfor the large air handlers were made assuming an 18°F delta-T (to
alow for future heat transfer degradation). The maximum desired coil space at 6
rows required a 42.5°F chilled water temperature. A chiller supply water
temperature of 42°F was selected to account for piping and pump heat gains.

3. Select tower speed control option, efficiency, condenser water temperature range
and approach temperatures, and make preliminary cooling tower selection (see
Selection of Condenser Water Design Temperatures and Cooling Tower).

Given the office occupancy, two-speed motors were selected for the tower fans
(see Tower Fan Speed Control). (A detailed analysis of variable-speed drives
versus two-speed motors was undertaken for this project. Even with no bypassin
the variable-speed drive, the drives were not cost effective over a 15-year life due
in part to the condenser water reset strategy which kept fan speeds high to keep
condenser water temperatures low, a strategy that was beneficial in this case due
to the use of single stage chillers with variable-speed drives.)

Condenser water flows and delta-Ts were analyzed as follows. The condenser
water piping was only at the plant and included the mains plus two anticipated
branches to the two cooling tower cells and two chillers. (In this case, it turned
out that final chiller selections did not have equal flow, but at this point in the
analysis, equal flow was assumed.) Delta-Ts were selected at 10°F and 15°F
since centrifugal chillers were anticipated. A chiller efficiency of 0.60 kW/ton

was assumed.
10°F DT 15°F DT
Section Load, tons Application Pipe
GPM Pipesize GPM .
size
Main system piping 1100 Non-noise sensitive, variable flow 3090 12" 2060 10"
Piping to each chiller/tower 550 Non-noise sensitive, constant flow 1545 10" 1030 8’
The smaller pipes are selected and the following flows and delta-Ts result:
Section Load, tons Application Pipesize L\Bllg\(/llmum Resulting DT
Main system piping 1100 Non-noise sensitive, variable flow 10" 2900 10.7
Piping to each chiller/tower 550 Non-noise sensitive, constant flow 8" 1480 104
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Because the delta-T ended up being so conservative, the design was based on a
12°F delta-T instead of 10.7°F as would be suggested by this analysis. (Recall
that “maxing out” the pipe sizesisto provide conservatism. Since a12°F delta-T
isaready conservative, the design was based on that so that pump savings and
tower savings would result.)

Design

Section Load,tons  Pipesize GPM DT
Main system piping 1100 10" 2574 12
Piping to each 550 8’ 1287 12
chiller/tower

Tower efficiency and approach were limited on this project due to severe space
constraints. Several propeller fan selections were made from three vendors at the
local design wet-bulb temperature of 64°F. Using standard tower selections, the
largest two-cell size tower that would fit into the space provided a 9°F approach
(73°F condenser water supply temperature). High efficiency towers were not
evaluated given the space constraints.

4. Select chillers using performance specification and life-cycle analysis (see
Selecting Type, Number, and Size of Chillers and Chapter 7).

See the sampl e specification in Chapter 7. The final chiller selection was for two
chillers sized for one-third and two-thirds of the load, respectively, each with
variable-speed drives. The unequal sizing was favorable in this case due to the
low base load of 50 tons from the data center, which was more efficiently
handled by a smaller chiller.

5. Adjust tower sizing and number of cellsif necessary (see Selection of Condenser
Water Design Temperatures and Cooling Tower).

Towerswereinitially selected for equal cell sizes. Once unequal chillers were
selected this was reevaluated. Because of space constraints, unequal tower sizes
would not have fit. In any case, maximum and minimum flow rates in each tower
cell could be maintained even with the unequal condenser water pump sizes
provided low flow distribution pans were selected for the towers. It was decided
that theinitial two-cell tower selection would be retained.

6. Finalize piping system design and select pumps (see Optimizing Pipe Design and
Chapter 3).

7. Develop and optimize control sequences (see Sequence of Controlsand Chapter
5).
The following control sequences were developed . Note the unusual chiller
loading/unl oading sequence due to the chiller variable-speed drives.

Sequence of Controls

Chiller Plant

1. If achiller fails or has been manually switched off, asindicated by its alarm
contact, or if itsleaving water temperature remains 5°F above setpoint (see reset
strategy below) for 15 minutes, or if itskW is zero for 15 minutes while its on/off
point ison, the chiller is placed in ahigh level dlarm (Leve 2). A failed chiller is
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not locked out, but the chiller stage where the failed chiller runs alone is locked
out. (See Staging below.)

2. If achiller has been manually turned on, asindicated by a chilled water delta-T
across the chiller greater than 3°F and chilled water supply temperature within
5°F of setpoint and kW>10% and its on/off point is off, the chiller stage where
the other chiller operates alone shall be locked out and alow level chiller alarm
(Level 4) shall be set. (See Staging below.)

3. Thechiller plant is enabled if any secondary pump is on for 2 minutes, and
disabled if all secondary pumps are off.

4. Chillers are staged based on calculated load. Load is calculated by secondary
delta-T and flow. Once both chillers are operating, load is calculated by assuming
flow is balanced between chillers proportional to design flow.

5. Dueto the chiller variable-speed drives, it is more efficient to operate chillers at
low load (above about 20%) than at high load. Thus the normal staging rules that
tend to max-out chillers before staging the next one on do not apply.

6. Staging shall be:
a) Stagel: CH-1onaone.

1) Locked out if:
a) CH-1hasfailed, or
b) CH-2ismanually on.
2) Minimum operating load: 0%
3) Stage down point: none
4) Stage up point: 30% of total plant load
b) Stage 2: CH-2 on aone
1) Locked out if:
a) CH-1ismanualy on, or
b) CH-2 hasfailed.
2) Minimum operating load: 15% of total plant load
3) Stage down point: 20% of total plant load
4) Stage up point: 50% of total plant load
c) Stage 3: CH-1and CH-2 on
1) Locked out if:
a) Either CHPisinaarm
2) Minimum operating load: 30% of total plant load
3) Stage down point: 40% of total plant load
4) Stage up point: NA
7. Stageup (1to 2 or 2to 3) if the current stage is on and has been on for 15
minutes, and either:

a) Any secondary pump isat full speed for 15 minutes and chiller load is above
the minimum operating range of next stage, or

b) The plant load becomes larger than the stage up point for the stage.
8. Stagedown (2to 1 or 3to 2) if the current stage is on and has been on for 45

minutes, and the plant load becomes lower than the stage down point for the
stage.
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9. CHW pumps:
a) Notethat both pumps can serve either chiller given piping arrangement and
minimum flow limitations.

b) CHP-1 shal belogically interlocked to CH-1 and CHP-2 shall be logically
interlocked CH-2, except as noted below.

¢) If apump failsor has been manually switched off, asindicated by its status
point not matching its on/off point for 30 seconds after the pumps was turned
on, the pump shall be placed into alarm and locked out (until reset by
operator), and the other pump shall start automatically inits place. In other
words, if a CHP fails, the other CHP will start whenever either pump
operation iscalled for.

d) If CHP-2 has been manually turned on, asindicated by its status point being
on whileits on/off point is off 30 seconds or more after the pump was
commanded off, it shall run instead of CHP-1 for Stage 1. (If CHP-1 has
been manually turned on, CHP-2 will still be operated normally during Stage
2; both pumps will run.)

€) During Stage 1, CHP-2 shall be started then CHP-1 turned off 15 seconds
later if the secondary flow exceeds the design flow rate of CHP-1 by 10%
and the primary CHW return temperature is no lower than 0.5°F below the
secondary CHW return temperature (indicating little or no bypassin the
common leg). The two shall switch back in the same manner if, for 10
minutes, both the secondary flow is less than CHP-1 design flow and the
primary CHW return temperature is lower than 0.5°F below the secondary
CHW return temperature.

10. Chilled water supply temperature setpoint shall be reset within the range 40°F to
46°F using areverse-acting control loop whose output isthe CHWST setpoint,
whose control point is the highest main fan system AHU-1 to 6 CHW control
valve signal, and whose setpoint is 95% open. In other words, the CHWST is
reset to provide water only as cold as required to satisfy the air handler with the
largest cooling load. Both chillers shall be sent the same reset signal. (This
sequence will result in 46°F when the main fan systems are off or not calling for
cooling, which ismost of the time. Non-economizer fan-coil systems must be
designed to handle loads at this reset supply water temperature when outdoor air
temperatures are below 55°F or s0.)

11. Secondary pumps serving fan-coils (CHP-S-7, S-8, S-9, S-10):

a) The pump shall start when any CHW control valve served by the
pump is greater than 50% open for 5 minutes. The pump shall stop when all
valves are 0% open for 3 minutes.

b) Chilled water pump speed shall be controlled when the pump is
commanded on to maintain chilled water differential at afixed setpoint
determined by the water system balancer. Minimum speed is 10%.

12. Condenser water system:

a) Condenser water pumps are interlocked to the chillers via the chiller control
panel and are not DDC controlled. Similarly chilled water isolation valves
are interlocked to the chiller control panel chilled water pump contacts and
are not DDC controlled.

b) Cooling tower fans are enabled when either CW pump is proven on. Cooling
towers fans are lead-lag aternated based on running hours, with the lead
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change made when both fans are off or both are on. Lead cell isolation valve
is opened and lead tower fan is enabled when the small CW pump CWP-1is
proven on. Both cell isolation valves are opened and tower fans enabled
when the large CW pump CWP-2 is proven on, whether alone or with CWP-
1. With CT-1 the lead fan, fans are staged to maintain CW supply water
temperature at the low-speed setpoint as follows: both off, CT-1 low plus
CT-2 off, CT-1low plus CT-2 low. Again with CT-1 asthe lead, fans are
staged to maintain CW supply water temperature at the high-speed setpoint
asfollows: both low, CT-1 high plus CT-2 low, CT-1 high plus CT-2 high.
The sequenceis similar with CT-2 asthe lead fan. For the first 15 minutes of
chiller plant operation (after initial CH start), the low-speed setpoint shall be
70°F. Afterwards, the setpoint is reset as follows: Fan low-speed CWST
setpoint is equal to the lower of the two CHW return temperatures from each
active chiller plus 15°F, but no lower than 60°F and no higher than 70°F. The
high speed CWST setpoint shall be 73°F. (Thelogic isto keep chiller head as
low as alowed by the chiller manufacturer to maintain head pressure since
tower fan energy islower than the energy saved by the compressor when the
fansare at low speed.)

When either CWP is on, conductivity in the CW system shall be monitored
and bleed valve operated to maintain setpoint. Inhibitor shall beinjected asa
function of the bleed rate (time the bleed valve is open). Biocides shall be
injected based on atime schedule, alternating each month. Setpoints for
conductivity and time schedules for inhibitor and biocide shall be determined
by the water treatment chemical supplier/speciaist.

13. Performance Monitoring

a)

Chiller Performance Check. Chiller energy performance shall be calculated
as.

Eq6-1

kKW/ton = M
Q

E

where kW is the measured power to the chiller and Q is the calculated
evaporator load in tons.

For one chiller on;
Eq 6-2
Qe =GPM(Terws = Teornur) /24

where GPMs is the secondary flow rate in gpm, T istemperaturein °F,
subscript CHWS refers to the chilled water supply leaving the chiller, and
subscript SCHWR refers to secondary chilled water return. For both chillers
on:
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Eq 6-3

QEr =GPM s(TscHWR - TACHWS)/24
T — GPM D—lTCHWS—l +GPM D- 2TCHWS— 2
ACHWS
GPM,, +GPM,_,
Xl =GPM D—l(TPCHWR - TCHWS—l)
Xz =GPM D-2 (TPCHWR - TCHV\/S- 2)

— ><1(?ET
QEl xl + x2

— ><Z(DET
QE2 Xl + XZ

Where subscripts D means design (per equipment schedules), 1 means CH-1,
2 means CH-2, ACHWS is average chilled water supply, PCHWR means
primary chilled water return, and SCHWR means secondary chilled water
return.

Also calculate predicted performance from regression equations devel oped
from manufacturer’ s data:

Eq 6-4
CAP., =a+bTy s +CTe s + 0Tous + €T s + TTomeTans
EIR:; =a+bTgus + ST s + 0Tous +ETcns + Menms Tews

PLR = Qe
CAP,CAP.,

EIR,  =a+bPLR+cPLR’
k\Npred = kVVD * CAPFT * El I:'2FT * El IQFPLR

KW,
KWiton , y = —2°
E

where CAP isthe capacity of the chiller, EIR isthe electric input ratio (like
kW/ton but non-dimensional), PLR is the part load ratio, kW is the power
input to the chiller, subscript FT means “as afunction of chilled and
condenser water supply temperatures,” and subscript PLR means“as a
function of part load ratio.”

Regression coefficients for CH-1 and 2 are as follows:
CH-1 -- Carrier 19XR 3031 w/ VFD:
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Design CAP, Design kWp

365 201
Curve a b c d e f
CAP= 1.5756009E+00  -7.2779520E-03 -3.3153877E-04 -1.2075224E-02 -1.3519250E-04 6.2585781E-04
EIRe 1.4774920E+00  -3.5351047E-02 5.0752172E-04  2.3695355E-03  1.7902557E-04  -3.3549182E-04
EIRp g 3.5713682E-01  -5.2674945E-01 1.1963575E+00

CH-2 -- 19XR 6565 w/ VFD:

Design CAP, Design kWp

735 367
Curve a b c d e f
CAP= 1.0000000E+00  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.0000000E+00  0.0000000E+00
EIRe -1.4166071E+01 6.6438356E-02  -3.9138943E-04 3.8095890E-01  -2.4334638E-03 -5.7925636E-04
EIRp R 1.0735092E+00  -2.1862650E+00 2.1154485E+00

Calculation shall be done whenever chiller power exceeds 10% power and
the chiller has operated for at least 10 minutes. Accumulate over time and

calcul ate average performance, both measured and predicted. Display both
instantaneous and average kW/ton on chiller graphic.
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7. Procurement

This chapter discusses general strategies for procuring chilled water plant design and
construction services. It also recommends specific procedures for evaluating chiller
options and selecting an energy-efficient and cost-effective chiller. Case studies of
the chiller selection process are provided for a new building and aretrofit project.
Also provided are a sample chiller bid specification (Appendix B) and a sample
chiller bid form (Appendix C).

Design & Construction Approaches

There are anumber of procurement strategies for designing and building chilled
water plants. The preferred approach varies depending on the qualifications of local
engineers and contractors. For a detailed discussion of design and construction
approaches, see the Cool Tools document, Project Implementation Plan: Achieving
Successful Chilled Water Plants. What followsis abrief discussion of the most
common approaches, including:

= Conventional Design/Bid/Build

= Negotiated Design/Build

= Negotiated Design/Assist

* Design/Build-Bid and Design/Assist-Bid

This section aso provides some general recommendations about design and
construction procurement strategies.

Conventional Design/Bid/Build

With this approach—perhaps more commonly called the Plan& Spec’ approach—a
consulting engineer designs the project and prepares a set of plans and specifications
that are put out to bid to qualified contractors. Generally the contractor with the
lowest bid is awarded the contract. Thiswas by far the most common chiller
procurement approach in the United States from post-World War 11 until the early
1980s, when the design/build strategies became more common.

Plan & Spec’ is best used on projects where negotiated design/build or negotiated
design/assist are not possible (for example, state and federal institutional projects
where laws require contracts to be awarded based on the lowest bid). Plan & Spec’
also may be the best approach if the project is complex or if it isdifficult to provide a
definitive scope of work early in the project, a necessary step for the Design/Build-
Bid approach. If the consulting engineer’s design is agood one, the Plan & Spec’
approach can result in low first costs through the competitive bid process. There are
disadvantagesto Plan & Spec’, however:

=  Many consulting engineers do not design the most cost-effective systems, either
because they lack intimate knowledge of system costs and construction issues or
because of liability concerns. The low-bid process then produces the best price
for the system the consultant designed, but that design may not be the most cost
effective for the application.
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» Thelow-bid process can create an adversarial relationship between the
contractor, engineer and owner. The contractor often takes a“deaf and dumb”
approach, providing no more than what is shown on plans and offering little help
in resolving problems. Some contractors are “ change-order artists’: they take
advantage of design errors or oversights to increase their margin, thereby
reducing or eliminating the initial low-cost advantage of the competitive bid
process.

=  Theconventional design/bid/build approach creates multiple sources of
responsibility. If system performance problems occur, it is often difficult to
establish whether the consultant or contractor is responsible.

Negotiated Design/Build

With this approach, a consulting engineer is not needed; the design/build contractor
provides all engineering services, preferably using their in-house staff. Three
elements are essential for a successful negotiated design/build project:

»  Thedesign/build contractor must have good engineering talent and a solid
reputation for doing design/build projects. Many contractors think they
understand how to engineer systems but do not.

» Itisessentia that the owner work with a design/build contractor with whom they
have along-term working relationship. This relationship helps to ensure that
prices are reasonably competitive. The contractor will view this project asonein
astring of many and not try to maximize profit on this particular project. The
fact that the project is negotiated with one contractor rather than put out to bid
helps to ensure a positive “team” attitude and avoids the adversarial relationship
that can result from the low-bid process. However, without a bid process, there
may be less incentive for the contractor to minimize profit margins.

» |tiscrucia that a detailed specification be developed early in the project to
establish the project’s scope. If asystem cost is established early in the project
before a detailed specification is prepared, the contractor may have an incentive
to reduce the quality or scope of their work to conform to the promised cost.

Negotiated design/build usually resultsin designs that are practical and cost effective,
although not necessarily imaginative. Hoping to avoid the start-up problems and
risks associated with more complex, innovative designs, contractors often opt for
rather conservative designs. One of the primary advantages of design/build is single-
source responsibility for the performance of the system, which avoids the “finger-
pointing” common to Plan & Spec’ projects.

Negotiated Design/Assist

With this approach, a design/build contractor and an engineering consultant team up
during the design phase. One advantage over design/build is the synergy between the
consultant and the contractor’ s engineers, often resulting in adesign that is better
than either would have developed alone. Aswith negotiated design/build,
negotiating construction costs with the contractor hel ps to ensure the proper team
attitude, but it is essential that the owner and contractor have along-term relationship
to ensure reasonable pricing.

Design/assist has higher engineering costs than design/build because there is some
overlap in engineering responsibilities. This split in responsibilities aso does not
always provide the single-source responsibility benefits offered by the design/build
approach. This can be mitigated, however, by requiring the contractor to have
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primary liability for the design. Many owners feel more comfortable with this
approach than with design/build because the consultant can represent the owners’
interests without the apparent conflicts of interest facing the design/build engineer.

Design/Build-Bid and Design/Assist-Bid

In these variations of design/build and design/assist, the project is bid rather than
negotiated. In either case, a consultant is retained to write a performance
specification that becomes the basis of the bid. Since there are no Plans & Spec's, it
may be a challenge to compare contractors proposals—the proposals are not always
“applesto apples.” The consultant must decide which proposal has the best value.
This may or may not be the proposal with the lowest price tag. Bidding the project
has the advantage of reducing costs and encouraging bidders to develop “a better
mousetrap,” in other words, to come up with intelligent designs that reduce costs.
On the other hand, bidding can result in the adversarial relationship common to Plan
& Spec’ projects. Also, the incentive to be the lowest bidder can drive contractors to
cut corners. This approach can also lead to problemsiif the performance
specifications do not thoroughly describe the scope and coordination issues. The key
to a successful design/build-bid or design-assist/bid is a specification that is
comprehensive enough to prevent corner cutting, yet flexible enough to encourage
intelligent and original designs.

General Recommendations

The negotiated design/assist or negotiated design/build approaches are recommended
because of the positive team attitude they engender. However, many owners are not
willing to negotiate, and insist on bidding projects to get alower price. With the
bidding process, the price is usually lower up front, but by the time the project is
complete the price may have significantly increased due to change orders and
inefficiencies caused by adversaria relationships. If the project must be bid, the
design/assist-bid approach is preferred because it leads to a better engineer/contractor
relationship than the design/bid/build approach, and it usually results in a better
design due to the contractor’ s input.

With all of these approaches, the chillers can be selected using the life-cycle cost
techniques described in this chapter. However, the selection process is simpler when
acontractor isinvolved; the contractor often has more clout with the vendors than
consultants do, and can therefore obtain better pricing. Many owners and general
contractors balk at consultants obtaining pricing because they are not confident that
the consultant will have the buying power of amechanical contractor. Having the
contractor on board early to conduct the chiller bid is another advantage of the
design/assist or design/build approaches compared to conventional design/bid/build.

While having a contractor obtain pricing is preferred, consultants on design/bid/build
projects should not be discouraged from obtaining prices. The new building case
study in this chapter presents an actual—and successful—design/bid/build project in
which the chillers were priced by the consulting engineer. The sample chiller bid
specification contains language to help consultants obtain competitive pricing when
they are conducting the chiller bids.
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Chiller Procurement Procedures

Table 7-1 compares typical versus recommended approaches for procuring chillers.
Thetypica approach, shown in the table’ s left column, is expedient but it seldom
leads to an optimum selection. The recommended approach is outlined in the table's
right column and is discussed in more detail in the subsequent sections of this
chapter.

Table 7-1 — Chiller Procurement Approaches

Typical Approach Recommended Approach

1. Cdlculate or estimate the required plant total 1. Cdlculate or estimate the required plant total
tonnage. tonnage.

2. Decide how many chillers are needed. Thisis 2. Pick ashort list of chiller vendors based on
usually asomewhat arbitrary decision, although it past experience, local representation, etc.

often is afunction of space constraints or the need for

acertain level of redundancy. 3. Request chiller bids based on a performance

specification.
3. Calculate chiller size by dividing the total tonnage
by the number of chillers. Each chiller is equally 4. Adjust bids for other first-cost impacts.
sized. 5. Estimate energy usage of options with a
4. Pick achiller manufacturer, usually based on past detailed computer model of the building/plant.
successful experience or perhaps based on which ] ] i
vendor has the most attentive (or generous) sales 6. Estimate maintenance cost differences between

representatives. options.

5. Have the chiller vendor make a few 7. Calculate life-cycle costs.

dations, perhaps with first-cost budget
e o PAMEPSWIENTIITSICOS BIAOSS 8. select the chiller option with the lowest life-

cycle cost.
6. Decide which chiller to use based on instincts and
perhaps past experience, with little or no analysis.

The recommended approach has many advantages:
= |t generaly resultsin abetter chiller selection.
= The owner benefits from lower life-cycle costs.

» Energy costs are usualy lower than what would have resulted from the more
conventional procurement procedure.

= Chiller vendors can make proposals that take advantage of their systems’
strengths or “sweet spots’ both for cost and efficiency. The conventional
approach, where size and efficiency are more arbitrarily selected, usually favors
one vendor (inadvertently or intentionally) who happens to have a “ sweet spot”
for the selected piece of equipment.

» Indesign/bid/build projects, the chiller selections are finalized in the design
stage; therefore, no substitutions and associated redesign will occur during the
bid phase.

There are a so disadvantages to the recommended approach:

= |t takes more time, both for the engineer and the equipment vendors.

= Errorsin the energy calculation may skew the selection. For instance, utility
rates, internal loads, and occupancy patterns assumed in the analysis may be
incorrect or may change over time. Thisis particularly true of utility ratesin
today’ s transitional phase between regulated and fully deregulated markets.

7-4

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Procurement
|

»  The computer model used to calculate energy usage isimperfect in the way it
models building and system loads, the chiller plant and pumping systems, and
plant control strategies. Optimum plant control strategies are often complex and
usually vary from one chiller option to another. These strategies cannot always
be modeled accurately by existing energy simulation tools.

» The benefits of long-term product reliability and vendor support are seldom
included in the life-cycle cost cal culations because their cost benefits are difficult
to estimate, although they may be significant.

Despite these disadvantages, the recommended chiller procurement approach
represents an improvement over conventional approaches and has been successfully
used on several projects. The case studies at the end of this chapter are based on
actual projects that followed this recommended approach.

Procurement Step #1: Calculate Plant Tonnage

See Chapter 2 for an in-depth overview of available methods of calculating or
estimating the required plant total tonnage.

The chiller procurement procedures described below assume that chiller plant design
parameters, such as entering and leaving condenser and chilled water temperatures,
have been determined. For retrofit applications, these design parameters are typically
set by the constraints of the existing system design. For new chiller plants, Chapter 6
includes procedures for selecting these design parameters.

Procurement Step #2: Develop Vendor Short List

After determining plant loads, pick a short list of chiller vendors based on past
experience, local representation, and other factors. Not all of the major vendors need
to be on the bid list; however, the more vendors on the bid list, the better the
competition will be and therefore the lower the chiller energy costs and first costs are
likely to be. But low first costs and energy costs are not the only selection criteria;
low maintenance costs, system reliability, vendor support, and other issues are also
considerations.

However, just asit is often best to negotiate with one contractor rather than put the
project out to bid, in some cases it may be best to negotiate with a single chiller
vendor. Optimizing chiller selection with asingle vendor is still possible because
within avendor’ s product line there are many options (for example, larger condensers
and evaporators, variable-speed drives, etc.).

Procurement Step #3: Obtain Chiller Bids

Once abid list is established, develop a bid performance specification. Inthe
conventional procurement approach, a chiller istypically specified by capacity,
efficiency, construction details, etc. These details, however, are not usually
appropriate for a performance specification. The vendor should be encouraged to
propose chillers that take advantage of their product’ s strengths or “ sweet spots.”
Although redundancy requirements must be taken into account, it isimportant not to
otherwise constrain chiller size.

Asarule, do not include the following in the performance specification, but rather
leave them up to the bidders:

= Number of chillers
= Chiller size
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= Chiller efficiency

» Variable speed or fixed speed

Encourage multiple options from each vendor. They may, for instance, propose one
design that uses several equally sized chillers and another that includes unequally

sized chillersor a*“ pony” chiller. Another option may include variable-speed drives
on one or more of the chillers. Encourage the vendors to be imaginative.

Eliminate unnecessary boilerplate requirements. Conventional specifications often
contain along list of construction details that are sometimes proprietary and usually
not very important from a quality and reliability perspective. If achiller vendor has
been approved for the bid list, that should mean that the vendor’ s standard
construction details are acceptable. Including endless boilerplate requirements in the
specifications usually is awaste of time, and can be counterproductive if they mask
truly important specification details. Most of the boilerplate requirements have been
eliminated from the attached sample chiller bid specification.

Include the following details in the specification:

Total Plant Tonnage

Specify only total capacity, not the capacity of each chiller. See Chapter 2 for an
overview of methods of determining plant total tonnage.

Minimum Number of Chillers or Required Level of Redundancy

For redundancy and reliability, the specification may require, for instance, that there
be at least two chillersin the plant, or possibly at least two compressorsto allow for
dual compressor options. Or for critical plants, such as those serving an industrial
process or data center, the specification may require an “n+1” redundancy, meaning
that the chiller plant must be able to handle the load even with the failure of the
largest chiller.

Design Entering and Leaving Water Temperatures of the Plant as a Whole

In Chapter 6, the section Optimizing Chilled Water Design Temperatures describes
how to determine these parameters for new buildings. For retrofit applications, these
factors are usualy fixed by the constraints of the existing design.

Energy Sources Available, such as Electricity or Gas

This specification is not limited to electric chillers, although mixing gas and electric
chillerswill require more cost adjustments to account for the larger heat rejection
required by absorption chillers, and for differencesin gas and electric utility service
sizes and distribution systems. (Similarly, thermal storage options may aso be
evaluated, but this requires substantial additional work to estimate costs for storage
devices and the spaces required to house them.)

Typical Cooling Load Profile

In order to offer intelligent proposals, the chiller vendors will need to know the
cooling load profile. For instance, if there are many hours at low load, the vendor
may wish to propose asmall “pony” chiller or avariable-speed drive. Figure 7-1
shows atypical load profile for a system with arelatively small data center that
provided a constant base load. This profile was developed from a computer model of
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the new building case study provided in this chapter. (For a more detailed discussion
of cooling loads, see Chapter 2.)
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400 4 Percent Load

300 -

Hours per year

200 -

100 + H
0 DI:lI:I.:.

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 7-1 — Example Office Building Load Profile

There are a number of design constraints that may affect chiller options and should
be described in the bid performance specification. These include:

= Limited mechanical room space. If thisisafactor, include a plan of the
mechanical room in the specification.

= Available voltage and, for retrofit projects, available capacity of the electrical
service.

= Typeof allowed refrigerants. For instance, the owner may prefer non-ozone
depleting refrigerants such as R-134a and disallow R-123 as an option. (See
Chapter 3 for additional comments on refrigerant issues.)

» Noise If noiseisadesign constraint because the chiller islocated adjacent to
noise-sensitive spaces, have an acoustical engineer back-cal culate the maximum
chiller sound power levels, and include these in the performance specification.
The proposed chillers would either have to meet these sound power limits
inherently or the vendor would have to include a chiller sound enclosure in their
proposal.

Options

Make sure that specifications clearly state which standard options must be included
in the pricing, such as freight to the jobsite, water box insulation, salestax, etc.

Witnessed Factory Tests

It is highly recommended that factory tests be required, despite their cost. (Seethe
sample bid specification for suggested language about testing requirements). There
are three reasons for conducting witnessed factory tests:

= Testsare more easily and less expensively donein the factory than in thefield;
doing the factory tests obviates the need for field tests for commissioning or
performance verification purposes.

= Factory tests make it possible to reject the chiller if it does not meet performance
specifications. Once achiller isinstalled in the field, rejecting the chiller isno
longer a practical option.
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» Testing is more accurate in the factory than in the field, resulting in less
controversy about whether and to what extent chillersfail to meet performance
requirements. If awitnessed factory test is not called for, the specification
should require that printouts of the ARI-certified performance program be
provided along with the completed performance data forms from the chiller
simulation modeling.

Liquidated Damages

If performance tests are required, it is recommended that monetary penalties apply if
achiller fails to meet performance requirements. Without “teeth” in the
specification, vendors will be more likely to exaggerate chiller performance in their
proposals. An example liquidated damages clause is included in the sample bid
specification.

Zero ARI Tolerance

ARI Standard 550/590-98 allows a tolerance in the measured versus actual chiller
capacity and efficiency. The magnitude of the tolerance varies as a function of load,
increasing as load decreases as shown in Figure 7-2 .

The tolerance was intended to account for variations in manufacturing, but over time
manufacturers have found that their manufacturing tolerances are smaller the AR
Standard tolerances. Market forces have then caused manufacturers to take credit for
the tolerance in the chiller performance reported by their rating programs. In other
words, the power reported by manufacturers’ rating programs for a given chiller has
been decreased from the actual power required by an amount equal to the allowed
ARI tolerance. Obviously, to get an accurate picture of predicted chiller performance
in the life-cycle cost analysis, actual chiller performance data must be obtained from
chiller vendors. It is recommended, therefore, that the performance claims by
manufacturers be required to have “zero ARI tolerance.” See the sample bid
specification for suggested language.
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Figure 7-2 — ARI 550/590 Tolerance
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Performance Forms

To create chiller smulation models using the Cool Tools Chilled Water Plant
Analysis Program (CWPAP), chiller performance data over awide range of operating
conditionsisrequired. A sample performance form isincluded in this chapter. The
range of operating conditions will vary from project to project, so the form may have
to be modified to ensure that it includes all operating conditions expected for the
particular project.

Procurement Step #4: Adjust for Other First-Cost Impacts

After obtaining chiller bids, make adjustments to account for other installation cost

impacts. Chiller prices obtained through the bidding process are not necessarily

directly comparable. Here are some reasons why prices may not be “ apples to

apples’:

= Oneoption may have more chillers than another (for instance, three versus two).
The added cost of rigging, piping, wiring, and controls for the extra chiller must
be accounted for.

= Three-pass evaporators can increase piping costs compared to two-pass
evaporators.

= Anopen-drive compressor may require more chiller room ventilation (or
cooling) than hermetic motor options.

= Oneoption may require field-mounted variable-speed drives as opposed to
factory-installed drives.

= Oneoption may have less efficient chillers, which can affect electrical service
costs.

= Oneproposal may include a control system that can be directly connected to the
energy management system network, while another may require a gateway, and
still another may not be able to connect to the system at all, requiring that
essential control points be hardwired to the EMS.

Estimating the costs of these secondary impactsis best handled by a contractor,
which is another advantage of the design/build and design/assist approaches. For the
first pass of the life-cycle cost analysis, these other first-cost impacts can be roughly
estimated. Then, if the chillers for which rough estimates were made end up with the
lowest life-cycle costs, a more accurate estimate of the secondary impacts should be
made.

Procurement Step #5: Estimate Utility Costs

One of the most important elements of the chilled water plant procurement processis
accurately estimating the utility costs of each chiller option. Utility costsinclude
electricity, gas (if applicable), and water (if both water- and air-cooled chillers are
being considered). The level of accuracy and detail necessary for energy calculations
depend on the project’ s size and engineering budget. Even for very small projects,
tools such as Cool Tools Chilled Water Plant Analysis Program have made it practical
and affordable to use chiller plant computer simulation models to accurately estimate
chiller plant performance.

The primary engineering cost of the computer model is not creating the chiller plant
model itself, but creating the model of the building and systems generating the plant
load. For smaller projects or those with lower engineering budgets, the cost of

creating the plant profile can be substantially reduced by using prototypical profiles
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devel oped from generic models of buildings having similar occupancy and HVAC
systems. For large, new projects, creating a detailed building and HVAC system
model is generally affordable and will improve the accuracy of the results. For
existing projects, measured performance data may be used.

Since an accurate energy simulation model is essential to the chiller selection
procedure, it isimportant that the engineer creating the model be experienced with
both chilled water plant design and the simulation tool. (See Chapter 2 for amore
detailed discussion of load and energy calculation programs.)

Once a computer model of the building and HVAC systemsis complete and
performance bids from chiller vendors have been obtained, create models of each of
the proposed chillers using the performance data included on the forms completed by
the vendor as part of their proposal. (See sample chiller performance form.) If using
the Cool Tools chiller model creation tool, enter the data into this program, which
then calculates DOE-2 regression coefficients.

The following factors should be considered in the simulation:

Utility Rates

Utility rates vary over time and are difficult to predict, particularly given the current
transition from regulated to unregulated utility markets. There are a number of
energy forecasts that project electricity and natural gas costs up to 30 yearsin the
future (e.g., DOE/EIA, AGA, GRI) that attempt to account for the impact of
deregulation as well asworld oil and gasreserves. However, these reports are
typically generalized for the nation or the world as a whole and may not reflect local
utility rate trends. Given this uncertainty and for simplicity, it istypically assumed
that current rates, or something similar, will bein effect during the chiller plant’slife
cycle.

Virtually all utilities charge both for energy consumption as well as for demand.
Since chillers are one of the largest energy usersin typical buildings, it is essential
that demand charges be properly taken into account. Thisis particularly true when
demand charges are ratcheted, meaning the owner pays some percentage of the
maximum peak demand over the year, regardless of actual monthly demand.

Tower Fan Control (condenser water setpoint reset)

The optimum condenser temperature control varies by the type of chiller, the chiller
load, the size and efficiency of the cooling tower, tower fan control options (for
example, two speed or variable speed), and the outdoor air wet-bulb temperature.
Some plants have their lowest energy usage if the cooling tower fans are controlled to
attempt to maintain the minimum condenser water temperature at which the chillers
are capable of operating. If the tower fans have two- or variable-speed control, the
plant may use less energy at higher setpoints depending on the plant load and outdoor
air wet-bulb temperature. 1n most cases, the optimum control schemeis not easily
determined. (See Chapter 6, Optimizing Control Sequences, for an additional
discussion of condenser temperature control.)

In addition, Cool Tools Chilled Water Plant Analysis Program (CWPAP) and other
chiller plant simulation tools are limited in their ability to model different tower
control options. It is expected the Cool Tools CWPAP program will be enhanced in
the future to simulate optimum tower control.
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In the meantime, to properly estimate the energy performance of each chiller option,
and to gain insight into how to best control the plant onceit isbuilt, itis
recommended that various tower control strategies be modeled. For instance,
different settings for the leaving condenser water setpoint can be modeled, including:

= the minimum allowed by the chiller manufacturer (this strategy will usually be
optimum for open-drive, single-stage compression chillers, but not for multi-
stage compression chillers);

= the design wet-bulb temperature (this simple rule of thumb surprisingly resultsin
very good performance in many climates); and

= aconstant approach to outdoor air wet-bulb temperature (this strategy requires
that a humidity or wet-bulb sensor be installed in the control system which
increases maintenance costs and reduces reliability).

For towers with two-speed fans, the optimum control strategy will most likely be to
control low speed and high speed to different setpoints. For instance, the low-speed
setpoint could be controlled to the minimum allowed by the chiller manufacturer
while the high-speed setpoint could be controlled to the design wet-bulb temperature.
Unfortunately, current simulation tools are not able to model this strategy.

Staging

Although the chiller vendor proposes the size and performance of chillers, the design
engineer must determine how the chillers are to be staged, both in the computer
model and in “real life.”

Fixed-speed chillers are dmost always optimally controlled by running the fewest
chillers necessary to meet theload. Thisis easily modeled by most plant simulation
tools and is usually the default control strategy.

Variable-speed chillers, however, use less energy when they are operating at low
load, except at very low loads. Therefore, a plant with multiple variable-speed
chillerswill be more efficient when more chillers are operating at part load than if
fewer are operating near full load, despite the additional energy used by chilled and
condenser water pumps. (See Optimizing Control Sequencesin Chapter 6 for an
additional discussion of optimizing chilled water plant design.) For estimating
energy usage of chiller plants with multiple variable-speed chillers, two or more
stage-on points should be modeled. For instance, chiller staging could be controlled
so that multiple chillers never operate below 25% load for one run and below 35%
load for another.

Chilled Water Reset

Most chiller plants use some form of chilled water setpoint reset as a control strategy
to reduce chiller energy usage. The strategy’s energy effectiveness depends on:

= thetypesof chillers (for instance, screw chillers and absorption chillers benefit
more from reset than centrifugal chillers);

= thetype of pumping system (constant-volume pumping system will benefit more
than variable-flow systems since reset tends to increase chilled water flow rates);

= therange of reset that is possible based on the loads served (for instance,
relatively constant loads such as data centers may not allow much reset, and reset
may also be limited in humid climates to maintain dehumidification capability);
and
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= how thereset is controlled (see Chilled Water Temperature Reset in Chapter 6
for aternative schemes and their limitations).

The computer model’ s ability and accuracy to simulate reset is a significant issue.
The program must be able to model the effect reset has on cooling-coil effectiveness,
and should be able to allow the user to limit reset within a certain temperature range.
Few computer tools are capable of doing this well even when the coils are being
modeled by the program. If all the chillers being evaluated are of a similar type (for
example, al are centrifugal chillers), it may be best not to model reset to avoid
skewing the results due to coil modeling errors. When coils are not being modeled,
such as when prototypical load profiles or actual load profiles are used, it is not
possible to model reset at all unless these profiles also include corresponding chilled
water temperature profiles.

Variable-flow Pumping Systems

Most plant computer models are limited in their ability to accurately model variable-
flow pumping systems, particularly primary-only systems. It is often necessary to
“fake” the program into modeling the actual system by changing default performance
curves or adjusting pump heads. This can require considerable judgment on the part
of the engineer doing the modeling. Fortunately, in most cases, the pumping scheme
isthe same for all the chiller options being considered, so errorsin the model tend to
cancel out when options are compared.

The important differences between chiller options that must be accounted for are
variations in condenser and evaporator pressure drops and, for variable-flow primary
systems, the minimum and maximum evaporator flow rates. Pressure drop
differences can usually be accurately accounted for by adjusting pump heads in the
computer model, and in any case have a small impact on overall energy. Differences
in minimum and maximum flow rates with variable-flow primary systems cannot be
modeled well using current simulation programs. However, the impact of varying
minimum flow ratesis usually small unless there are large differences between
options and many hours when the plant operates at low loads. The impact of varying
maximum flow rates is seldom an issue because the maximum rates seldom occur
unless the system experiences very bad delta-T degradation. (It is expected that
future versions of Cool Tools CWPAP will be capable of modeling all of the
distribution systems recommended in Chapter 6 and most of the schemes shown in
Chapter 4, so that these nuances can be accurately taken into account.)

Another complexity of variable-flow primary systemsisthe impact of flow variations
on chiller efficiency and capacity. This cannot easily be modeled by most simulation
tools, and cannot be modeled with the current Cool Tools CWPAP and DOE-2
software. However, in most cases the impact is small due to offsetting effects of
increasing mean temperature difference (which improves efficiency) and reducing
inside film heat transfer coefficient (which reduces efficiency) as flow decreases.

Procurement Step #6: Estimate Maintenance Costs

Maintenance costs are more difficult to estimate accurately than energy costs. There
are little data availabl e indicating the relative maintenance costs of various chiller
types (for example, screw, centrifugal, absorption, engine-driven, etc.) and among the
various manufacturers of each chiller type. Manufacturers make claims about their
products advantages, but they seldom have hard, independently collected data to
support those claims. To further complicate the issue, annual maintenance costs are
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not constant. The costs are low for the first few years, jump during years when a
complete overhaul is required, and increase gradually as equipment wears. The
length of time that different pieces of equipment last before they must be replaced
also varies, athough usually thisis not an issuein chiller selection unless very long
life cycles are analyzed.

Because maintenance costs are difficult to estimate, they are often ignored in the
chiller selection life-cycle costing and considered only as a “soft issue” used when
making the final chiller selection. Thisis probably areasonable approach when the
number and types of chillers are the same. However, when the number of chillersin
each option varies, both air- and water-cooled options are being considered, or
chillers of different types (e.g., electric and gas-engine driven) are being considered,
mai ntenance costs need to be included explicitly in the life-cycle cost calculation for
best results.

Factors that affect maintenance costs include:

Gear versus Direct Drive

Gear-drive machines have slightly higher maintenance costs than direct-drive
machines.

Open-drive versus Hermetic Motors

Open-drive machines have dightly higher maintenance costs than hermetic machines,
although they are less costly to repair should there be a motor burnout (in chillers
with hermetic motors, motor burnout typically contaminates the refrigerant).

Variable-frequency Drives

Variable-frequency drives introduce another component in the system subject to
failure. Little dataisavailable on their reliability since the latest generation of VFDs
isfairly new.

Varying Manufacturer Quality

There are many claims and anecdotes but little data on who makes the best chiller.
For the purpose of maintenance cost analysis, it is generally assumed that if the
chiller manufacturer is on the bid list, they make areliable product.

Compressor Type

Screw chillers will usually reguire less maintenance than centrifugal chillers,
although this varies from manufacturer to manufacturer.

Number of Chillers (for options where the number of chillers differ)

The more chillersin the system, the higher the maintenance costs will be even for the
same total plant capacity. The costs for maintaining a chiller are not strongly
dependent on the chiller's size. If costs are not available, a reasonable estimate of
annual maintenance cost per water-cooled chiller is about $2,000 to $4,000 for the
first few years, with an additional $1,000 per year in repairs after the first five years
or so. Thereisadlight increase in the per-machine maintenance cost at about 1,000
tons and there may be another incremental jump at 2,000 tons and up.
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Air- versus Water-cooled

Whether the system is air- or water-cooled has by far the most significant impact on
mai ntenance costs among the issues listed here. Water-cooled systems will always
cost more to maintain due to the constant water treatment requirements and the need
for regular tube cleaning. Water-cooled chillerswill generally last longer, however,
particularly in harsh environments such as near oceans where salt in the air can
significantly shorten the life of air-cooled condensers.

To estimate the differences in maintenance costs between air- and water-cooled
systems, request input from local HVAC service companies. The ASHRAE
Handbooks series also provide some maintenance cost information. The retrofit
building case study in this chapter compares air- and water-cooled chillersin a
retrofit application. Absent other information, a reasonable estimate of annual
maintenance cost savingsis $1,000 to $2,000 per year per chiller for thefirst 5to 10
years (plus the cost of cooling tower maintenance and chemicals).

Gas-engine Driven Chillers

Gas-engine driven chillers are known to have much higher maintenance costs than
either electric or absorption chillers. These chillers have frequent engine-related

mai ntenance requirements (e.g., for spark plugs, oil/oil filters, air cleaners, belts, etc.)
that are not required for other chiller types. Manufacturers of these chillers can
provide estimates of the frequency and cost of this work.

Procurement Step #7: Calculate Life-cycle Costs

Thelife-cycle cost of achiller plant isthe present value of the total cost of owning
and operating the plant over a specified period of time. A detailed description of the
parameters used in calculating life-cycle cost is beyond the scope of this Design
Guide. For more details, refer to the Cool Tools Project Implementation Plan:
Achieving Successful Chilled Water Plants and other engineering manuals. Below is
abrief summary of the relevant variables and formulas for calculating life-cycle
costs. These formulas should be entered into a spreadsheet so that the sensitivity of
various assumptions can be evaluated. (See the new building case study for an
example that uses these equations.)

Thelife-cycle cost can be calculated using the following equation:

Eq7-1
N UC, +MC;
LCC=FC+§ ——"

= (1+d)
Where,
LCC = present value of the owning and operating costs of the chiller plant.
FC = first costs of the plant. In thiscase, thisisthe cost of the chillers as
proposed by the vendor adjusted for associated installation factors.
ug = plant utility costs for year j. If there were more than one utility type
(e.g., electricity, gas, water), this component would be duplicated for each.
MG = relative maintenance costs for year j.
d = discount rate, also called the “cost of capital” or the “minimum rate

of return.” Thisrateis used to discount future cash flows, converting them to present
costs. The higher the rate, the less future energy savings will help offset the first cost
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penalty of amore expensive chiller plant. The discount rate for atypical business
owner might be 8% to 15%, reflecting the cost of borrowing money plus afew points
to reflect the investment risk. A more progressive owner or government entity may
be less conservative and use rates near 5%.

N = Number of years of analysis, or life cycle. While called the life
cycle, N is seldom equal to the actual number of years the chiller plant will operate.
Most studies only look at thefirst 10 to 15 years since there are so many uncertainties
in the utility costs and overall energy usage the further into the future one looks.
Also, most businesses will expect areturn on investment in well less than 10 years.

Thelife-cycle cost equation above does not include tax impacts, depreciation,
investment tax credits, financing costs or salvage value. The reader isreferred to
more detailed texts on life-cycle costing if these factors are considered significant
enough to take into account.

If energy and maintenance costs are constant, this equation can be ssimplified to:
Eq7-2
LCC =FC+PWF,* UC+PWF,, * MC

Where,

pwr, = Lred” -1
" ety
et= (d-¢)
(1+e€)

awp. o (rmdt-1
™ mgL+mgN
mé= (d-m)
(1+m)

uc = utility costs at current rates.
MC = mai ntenance costs at current prices.

e = escalation (inflation) rate for electricity (or whatever fuel typeis
being used) above current rates. Estimating escalation ratesis very difficult in this
transitional market between regulated and unregulated utilities. See discussion under
utility rates above.

m = maintenance cost escalation (inflation) rate. This can typically be
assumed to be equal to the consumer priceindex (CPI), although, like energy
escalation rate, thisis difficult to predict with any certainty. A 1% escalationis
usually reasonable.

Procurement Step #8: Final Chiller Selection

Evaluating chiller options using the procedures recommended in this Design Guide
reguires making many assumptions and simplifications. To pick the “best” chiller
plant option, it isimportant to test the sensitivity of various assumptions. For
instance:

= |f thereisuncertainty about the loads the plant will need to handle, develop
energy costs under various load profiles. For example, a plant may be expected
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to ultimately handle alarge load, but it is possible that the actual load may be
smaller. Be surethat the plant can efficiently operate at low loads and that the
plant that proved to be optimum under high-load conditions al so was near
optimum under low-load conditions.

= Utility rates may change dramatically when utility markets are fully deregul ated.
Experiment with rates that include very high on-peak energy charges and
demand charges. For mixed fuel plants, experiment with escalating rates for one
utility and deescalating rates for the other.

= Life-cycle cost assumptions, such as discount rate and years of analysis, affect
how much future energy savings are weighted. Experiment with various
assumptions to see how they affect the results.

More than likely, after calculating results over arange of assumptions, the life-cycle
costs of several chiller options will be close to the “ optimum” option (the one with
the lowest life-cycle cost). It is aso possible that the optimum choice will vary
depending on the assumptions made. In this case, the final selection must also
consider “soft” factors (those to which a dollar amount cannot be easily attached) to
break thetie. The final selection should be made by the entire design and ownership
team, not just by the engineer and contractor. Thiswill ensurethat all “soft” issues
have been considered and everyone had afair chance to express any vendor
preferences.

These “soft” factors include;

Reliability and Reputation of the Manufacturer and Local Representation

Most facility owners and operators will have afavorite chiller vendor based on past
experience. This can be avery important tiebreaker when making the final selection.
If the owner’ s favorite vendor offers an option that has close to the optimum life-
cycle cost, it may be apolitically sensible idea to choose that option.

Refrigerant Type

Evenif arange of refrigerant optionsis allowed in the bid specifications, the owner
or engineer may have a preference for a given refrigerant type based on the
refrigerant’ s impact on the ozone layer and global warming, or impending production
phase-out dates.

Redundancy

Typicaly, an analysis of chiller options assumes that the chiller plant operates
normally. But what happensif a chiller fails? Different chiller options may
accommodate outages better than others. Options offering the most chillers will
generally offer the least exposure to chiller failure. But other more complex failure
considerations should be considered. For example, if a plant with unequally sized
chillersloses the large chilled water pump, will the flow ranges allow the large chiller
to stay on-line using the small chilled water pump?
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Case Studies

New Building

In the case study introduced in Chapter 6, chiller optimization techniques for a high-
rise office building were presented. This chapter builds on that case study to
demonstrate the chiller selection process. Y ou may find it useful to review the case
study in Chapter 6 before continuing with this section.

The sample building is 15 stories high, enclosing 540,000 ft? in San Francisco,
Cdifornia. The building primarily contains offices, with some assembly and retail
space on the ground floor, a 5,000-ft* data center, and al arge cafeteria. The data
center and various small server rooms operate continuously and place roughly a 50-
ton base load on the plant. Total plant load was calculated to be 1,100 tons.

After the primary design temperatures and flow rates were determined (see case
study in Chapter 6), the performance specification and bid forms were developed (see
sample specification and forms). Four chiller vendors were invited to bid. The data
from the bid forms were entered into the Cool Tools Chilled Water Plant Analysis
Program, which then devel oped the regression coefficients of each chiller in each
option. These coefficients were then inserted into the DOE-2 model of the building.
Energy savings were calculated using various control scenarios such as condenser
water setpoint reset and staging points. The lowest energy costs for each option were

selected and life-cycle costs were calculated as shown in Table 7-2.
Table 7-2 — Life-cycle Cost (LCC) Summary

S o0& B3 s T =38 8 ° -
= = s9 =3 & O 3 @ x > > £8 <
= G = 50 BE = 8§ w9 B &

g g 23 23 B¢ 3 S 3B B £ g2 g
o) a o= 68 < ~ 4 FU® dOc o iy a
400 ton, 0.50 kW/ton;
1 700 ton, 0.55 kW/ton 268,235 6,000 0 274,235 6 712,293 9 6,371,092 142,016 10
400 ton w/VFD, 0.50 kW/ton;
2 700 ton, 0.55 kW/ton 301,235 6,000 0 307,235 9 694,427 2 6,251,168 22,092 4
365 ton, 0.56 kW/ton;
3 735 ton, 0.50 kW/ton 199,980 3,000 0 202,980 1 724,350 12 6,403,038 173,962 12
365 ton w/VFD, 0.56 kW/ton;
4 735 ton, 0.50 kKW/ton 240,130 0 0 240,130 3 702,168 5 6,250,322 21,246 3
365 ton w/VFD, 0.56 kW/ton;
5 735 ton wVFD. 0.50 kW/ton 289,190 0 0 289,190 8 694,854 4 6,236,778 7,702 2
200 ton, 0.50 kW/ton;
6 900 ton dual 0.54 kKW/ton 212,031 0 0 212,031 2 712,100 8 6,307,235 78,159 5
550 ton dual, 0.56 kW/ton;
7 550 ton dual . 0.56 KW/ton 256,485 0 0 256,485 5 714,269 11 6,370,255 141,179 9
400 ton dual, 0.53 kW/ton;
8 200 ton dual 0.53 kW/ton 254,533 0 0 254533 4 711,137 7 6,341,495 112,419 8
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200 ton, 0.53 kW/ton;
9 350 ton dual 0.57 kW/ton: 252485 25000 O 277485 7 712547 10 6376516 147440 11
550 ton dual 0.59 kW/ton
550 ton w/VFD , 0.49 kW/ton;
10 2o o o4 kion 307106 6000 3000 316106 11 702969 6 6333154 104078 7
11 00tonw/VED,050kW/tON, o300 151 6000 3000 314151 10 691,038 1 6229076 O 1

800 ton, 0.48 kW/ton

365 ton w/VFD , 0.52 kW/ton;

12 366 ton, 0.51 kW/ton
366 ton, 0.51 kW/ton

338,320 33,000 3,000 374,320 12 694,806 3 6,321,497 92,421 6

Note that first-cost adjustments were made for additional piping and pumping system

costs caused by the use of three-pass evaporators in some cases, and multiple chillers

in others. Additional exhaust fan capacity was added for open-drive machines due to

the higher heat load they generate in the chiller room. (In more severe climates, this

high heat load may require that mechanical cooling be added to the room.)

Thetotal building energy cost column was taken from the DOE-2 model. Life-cycle

costs were cal culated based on a 15-year life, eight percent discount rate, and zero

percent energy escalation rate.

Option 11 hasthe lowest life-cycle cost, but Option 5 is very close and even Options

2 and 4 have life-cycle costs close enough to Option 11’ s that they need to be

considered. Ultimately, Option 5 was selected for the project based on the following

“soft” considerations:

= |t uses R-134awhereas Option 11 uses R-123. R-123 was considered
acceptable, but R-134awas preferred by the owner because it has zero ozone-
depletion potential and is not scheduled to be phased of production.

= Both chillersin Option 5 have variable-frequency drives, whereas only the small
chiller in Option 11 hasa VFD. Having two VFD chillersimproves redundancy
since either chiller should be able to handle the low nighttime data center |oads.

= Both chillersin Option 5 have design chilled and condenser water flow rates and
minimum flow rates that overlap so that the small chilled water pump islarge
enough to keep the big chiller on-line. That is not the case with Option 11. In
case of any pump failure, the large chiller can remain on-line with Option 5
whereasif one of the large pumpsfails, only the small chiller can remain on-line
with Option 11.

= Option 5 uses hermetic motors whereas Option 11 uses an open drive. Both have
advantages and disadvantages, but the owner’ s engineer preferred hermetic
motors based on past seal problems experienced with open-drive machines. The
hermetic motors also made the chiller room have a net neutral load so no
conditioning was required.

= Option 5 isless expensive by about $15,000, making it easier to reach first-cost
budgets.

After the bid, chiller vendors were given amodified version of Table 7-2 that

included only the columns for first cost rank, energy cost rank, life-cycle cost savings
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vs. base, and life-cycle cost rank. This alowed the vendorsto see how their
proposals compared to their competitors without seeing actual pricing.
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8. Start-up and Commissioning

Commissioning Basics

Introduction

An excellent chilled water plant design doesn’t guarantee that the system will achieve
optimal performance. Many things can happen—especially during construction and
equipment installation—that may have a negative effect on the plant’ s operation. A
well-designed and properly implemented commissioning plan can help ensure that
the system will meet the design intent.

This chapter provides an overview of the commissioning process, including:
=  What commissioning is

»  Why commissioning isimportant

»  Benefits and costs of commissioning

= Levelsof commissioning

=  Who should act as the commissioning authority

This overview isfollowed by a discussion of the various phases of commissioning,
from the devel opment of the commissioning program to post-occupancy
commissioning activities. Examples of a commissioning plan, acommissioning
specification and test procedures are also included (see Appendices D, F & G, and
H).

For further information on the commissioning process, refer to the Cool Tools
document, Project Implementation Plan: Achieving Successful Chilled Water Plants,
and ASHRAE Guideline 1-1996, The HYAC Commissioning Process.

What is Commissioning?

ASHRAE defines commissioning as “a systematic process of ensuring that systems
are designed, installed, functionally tested, and capable of being operated and
maintained to perform in conformity with the design intent.”

Commissioning is intended to achieve the following objectives:

= Ensure that equipment and systems are properly installed and receive adequate
operational checkout by the installing contractors.

= Verify and document proper operation and performance of equipment and
systems.

= Ensure that the design intent for the project is met.
= Ensure that the project is thoroughly documented.
= Ensure that the facility operating staff is adequately trained.

Procurement processes for complex building systems such as chilled water plants
typically have gaps that may lead to less than optimal system performance. For
example, although contractors are contractually obligated to install equipment
according to the construction documents, they are not required to meet the project’s
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design intent. An installation that follows the construction documents to the letter
doesn’t necessarily ensure that the design intent will be met or that the systems will
function properly. Commissioning is meant to address these gaps. It can be
considered a quality control process that adds value by helping to meet the project’s
design intent and achieve top performance of a chilled water plant.

Commissioning involves more than start-up, construction observation, or testing,
adjusting and balancing (TAB). These are important el ements of the overall
commissioning process, but these procedures alone do not constitute commissioning.
Sart-up. Start-up isaone-time, primarily “static” activity focused on making sure
that equipment isinstalled correctly and that all necessary safety features and
controls are working. Start-up is mostly limited to the equipment level, with little or
no work at the system level. Commissioning, on the other hand, focuses on the
system level and on “dynamic” processes that occur during start-up, shutdown, full
and part load, and alarm conditions.

Construction Observation. Construction observation verifies that the quantity, size
and capacity of installed equipment comply with specifications, and that the quality
of workmanship is satisfactory. Even more so than with start-up, thiswork is limited
to “static” activity, with few or no operational checks. As part of the commissioning
process, construction observation can help uncover problems with installation and
help reach solutions that are less costly to correct at this stage than after occupancy.
Testing, Adjusting and Balancing. Testing, adjusting and balancing (TAB) work is
generally limited to setting flows, pressures and temperatures to design values at
minimum and maximum conditions. Much of the time, however, chilled water plant
equipment operates at part-load conditions, which are generally not addressed by
TAB work. Except for testing static pressure, TAB usually involves neither
optimizing operating and performance conditions nor checking sequences of
equipment and systems operation. TAB work must be complete before performing
the “dynamic” verification tests that are a major aspect of commissioning. The
commissioning authority will review TAB results to ensure that the work has been
completed properly.

Commissioning Activities. Commissioning activities, which occur in addition to the
normal project procurement activities, include:

= designreview,
= gdditional submittal review,
= construction observations,

» pre-verification and verification test procedures (including checking part-load
operation and sequences of operation),

= training coordination, and
» detailed project documentation.

The Commissioning Authority. The commissioning authority coordinates all
commissioning activities. One very important function of the commissioning
authority isto facilitate communication among the project team members.

Why Is Commissioning Important?

A chilled water plant represents a significant investment for the building owner,
especially when lifetime operating and maintenance costs are considered. An
excellent design has the potential to reduce these lifetime costs. When integrated with
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the design and construction processes, commissioning can help achieve these
expected savings.
Commissioning is important for many reasons:

Buildings/systems not meeting owners' expectations. Too often, building owners
settle for systems that work but have problems, or haven't been set up to run
optimally. There may be higher than expected energy costs, frequent occupant
complaints, and an operating staff frustrated with equipment or systems that don’t
work properly.

Systems—particularly control systems—are complex. Today, more than ever, the
equipment and systems that make up a chilled water plant can be very complex. In
particular, the integration of modern DDC control systems with all of the chilled
water plant equipment tends to be a source of trouble.

Tight project budgets. Project budgets are amost always tight in construction
projects today. Design fees typically are not large enough to cover a thorough
analysis of system options or to provide an appropriate level of quality control during
construction. Contractors are generally chosen for their low bid. Vaue engineering
almost always forces cuts to be made somewhere in the project. It’ s often the
mechanical systemsthat are affected.

Projects are often on a fast track. In addition to having tight budgets, owners are
often in a hurry to occupy the building or to start using a new chilled water plant.
Contractors often face significant financial penalties for not meeting deadlines. Tight
scheduling pushes the contractors to work faster and may affect installation quality.
Some contractors don’t always have time to check the quality of their work.

Detailed checkout/testing not part of normal construction process. Many owners
resist commissioning because they assume that thistype of serviceis already part of
normal construction practices. However, due to many factors, including any one or
all of the previously mentioned items, thorough equipment and system testing is not
part of typical construction projects. It’s interesting to note that standard American
Institute of Architects (AlA) contract language, which is commonly used for
contractual arrangements between parties, specifically does not include
“...exhaustive or continuous on-site inspections to check the quality or quantity of
work.” (Section 2.6.2.1, AIA Document B141, Standard Form Services, 1997 Edition,
The American Institute of Architects, Washington, D.C.)
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Benefits of Commissioning

There are many benefits to commissioning, including commissioning in the project procurement
process. Although the building owner realizes the majority of these benefits, other partiesin the project
can benefit too. In addition to the specific benefits listed below, commissioning usually gives all parties
more confidence that the building systems will function as intended when the owner accepts the project.

Benefits to the owner include:
Fewer system deficiencies at project turnover
Fewer contractor callbacks
Fewer occupant complaints
Increased employee comfort which could boost productivity
Systems that meet the design intent and operate optimally
Well-trained operating staff
Improved energy efficiency
Thorough project documentation
Benefits to the design professional include:
Help with refining design concepts
Reduced post-construction trouble calls
Fewer premature design error accusations
Increased knowledge that benefits future designs
Benefits to the contractor include:
Reduced callbacks
Earlier resolution of problems
Increased emphasis on quality control
Help meeting scheduled completion
Smoother installation

At first glance, it might appear as if the commissioning process increases a project’s
cost. However, when all benefits are considered, commissioning actually has the
potential to save money. With tangible benefits alone (for example, systems working
properly from the beginning, project schedules met, improved energy efficiency,
etc.), thereis potential to reduce project costs. When less tangible benefits are
included (for example, fewer occupant complaints, increased productivity, well-
trained operating staff), the potential for decreased project costs (or put differently,
for better value) becomes even more likely. The upfront cost of commissioning
services should be considered money well spent.

There is an economy of scale associated with the cost of commissioning, asthereis
with design services in general. The basic tasks for the commissioning process are
the same in a 300-ton chilled water plant asin a 3,000-ton plant. Obviously, the cost
of commissioning as a percentage of the total project cost will be higher in asmaller
plant than they will bein alarger plant.

As discussed in the next section, different levels of commissioning are appropriate
for different projects. The relative costs of these levels are shown in Table 8-1 and
Table 8-2 below (with level 1 representing the least work and level 3 representing the
most work). These costs are the typical fee for the commissioning authority. Other
contractors, in particular the controls contractor, may also have additional costs, but
these are usually fairly insignificant. Depending on the owner’s needs, the level of
commissioning chosen could increase with plant size. Especially in larger, more
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complex plants, the question should be asked: Can a project afford not to include
commissioning?
Table 8-1 — Commissioning Cost as Percentage of Total Project Cost

Level 300-Ton Plant 3,000-Ton Plant
1 1%-2% - 1%
2 3%- 5% 1% - 2%
3 4% - 10% 2% - 5%

Table 8-2 — Commissioning Cost in Daollars

Level 300-Ton Plant 3,000-Ton Plant

1 $3,000 - $6,000 $15,000 - $30,000
2 $9,000 - $15,000 $30,000 - $60,000
3 $12,000 - $30,000 $60,000 - $150,000

Notes relative to both tables: 1) Assumes total installed cost of $1,000/ton; 2) Figures are for chiller
plant only, not “building commissioning,” i.e., does not include load-side, electrical or other work.

Levels of Commissioning

Thelevel of commissioning effort should be dictated by the building size, the
complexity of the systems and associated controls, and by how much the owner is
willing to spend. The levels of commissioning are related to the intensity of the work,
but also are related to when the commissioning process begins, as shown in Figure 8-

1.
< P Level 3
M Level 2
Level 1
[PreDesign | P Leve
‘Design ‘
‘Permitting ‘
‘Construction ‘
Building ‘Acceptance ‘
Delivery - Occupancy
Phases »>

Figure 8-1 — Levels of Commissioning

Level 1

Thework included in alevel 1 project might appropriately be called “ enhanced start-
up services.” Thiswork would not begin until at, or near, the end of construction.
Level 1 commissioning, alessrigorous process than level 2 or 3 commissioning,
might use standard forms and checklists to document the process.

Typical tasksin level 1 commissioning include:

= Walk through site to verify equipment installation

= Conduct smple test procedures on selected (not all) equipment
» |ssueof areport on findings
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The commissioning authority isn't as actively involved with the project team asin
level 2 or level 3 commissioning. Level 1 commissioning has the lowest cost, but
also leaves out much of the important detailed testing.

Level 2

Here, the commissioning process starts during the construction phase. There are two
scenarios for when the work actually begins—either at the start of construction (the
preferred approach) or at the end of construction just before the owner accepts the
project. In both scenarios, the amount of detail included in testing proceduresis
similar. Important aspects that would be missed by starting commissioning at the end
of the construction phase include active involvement with the project team and the
potential to find and correct problems during equipment installation. Level 2
commissioning will cost more than level 1, but the benefits will generally outweigh
the additional costs.

The verification testing in level 2 commissioning is much more rigorous and
comprehensive than in level 1. Testing involves all installed equipment and systems,
as well asinteractions between systems. The commissioning authority will develop
customized test procedures specific to the actual installed equipment.

Typical tasksin level 2 commissioning include:

=  Review equipment submittals

= Hold periodic commissioning team meetings
= Vigtsite periodically

= Develop commissioning plan

= Develop and oversee execution of pre-verification and verification test
procedures

= Coordinate operation and maintenance (O& M) training
» Review O&M manuals and incorporate into systems manual

»  Prepare and issue commissioning report

Level 3

Level 3, the most comprehensive level of commissioning, begins during the program
phase or at the start of the design phase. The work here includes all of level 2, and
adds tasks such as design review, functional performance tests, and review of O&M
manuals. In this scenario, the commissioning authority isinvolved during the entire
project. Level 3 commissioning has the highest costs but can also have the most
significant benefits.

Typical tasksin level 3 commissioning include:

= Help select design team (if requested by owner)

= Help select desired system configuration (if requested by owner)
* Review design

= Develop commissioning specification

=  Develop commissioning plan

= Review equipment submittal

= Hold periodic commissioning team meetings

» Vidgit site periodically
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= Develop and oversee execution of pre-verification, verification, and functional
performance test procedures

»  Review O&M manuals and incorporate into the systems manual
= Coordinate O&M training
= Prepare and issue commissioning report

Ison’s Rule of 10

When considering commissioning costs, it paysto keep in mind Ison’s Rule of 10. This ssimple rule
states that in any designed process, the earlier a problem is uncovered, the less costly the solution. The
following table illustrates Ison’s Rule using an example of the relative cost associated with correcting a
problem found at various pointsin atypical construction project.

Illustration of 1son’s Rule of 10

Problem Uncovered Relative Cost
During preliminary design $3

During final design $30

During construction $300
Post-occupancy $3000

To illustrate how Ison’s Rule might apply to a chilled water plant, consider the relative costs of finding
and correcting an undersized plant during the various design stages:

During preliminary design, re-doing load cal culations might cost $500.
During final design, re-doing load calculations and design drawings might cost $5,000.

During construction, re-doing load calculations and drawings, plus change orders for demolition
and purchasing new equipment might cost $50,000.
After occupancy, complete re-design, demoalition and replacement might cost $500,000 (or the
owner may just live with an undersized plant and the associated problems).
This simple example shows that by including commissioning as early in a project as possible, the
chances of catching mistakes are increased while the cost of remedying those mistakes is decreased.

Who Should Function as Commissioning Authority

The commissioning authority coordinates commissioning activities and provides
project oversight. An important function of the commissioning authority isto
facilitate communication among project team members, which can help ensure a
smooth installation. The commissioning authority needs to have a wide range of
skills to be effective in the commissioning process.

Some of the qualifications needed by the commissioning authority include:
» |n-depth knowledge of building systems performance and interactions

= Familiarity with equipment installation, start-up, troubleshooting, and operation
and maintenance procedures

= Familiarity with testing, adjusting and balancing procedures

= Good oral and written communication skills

= Familiarity with the building design and construction process

Several parties have the potentia to function as the commissioning authority,
including:

= Owner

* |ndependent third party

» Design professiona

= Genera contractor
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Owner

=  Mechanical contractor
= TAB contractor

Each of these parties would have a different answer to the question: Who should be
the commissioning authority? The following discussion points out some of the pros
and cons of each option. The final choice may depend on the owner’ s needs and the
complexity of the construction project. An independent third party or design
professional may be more appropriate for larger projects with more complex systems,
while contractors may be appropriate for more simple projects, e.g., those with
packaged chilled water plants.

If the owner has afairly sophisticated facilities staff, it's possible for them to perform
the commissioning process. However, many owners don’t have a staff capable of
performing the commissioning activities or believe that it is more cost effective to
use “outside” services. Owners more likely to perform commissioning themselves are
those that are constantly in the process of constructing new buildings. Such owners
include colleges and universities, banks, and other growth organizations with
multiple branch offices.

Independent Third Party

Design Professional

General Contractor

Many owners choose to have an independent third party (someone not part of the
normal project team) serve as the commissioning authority on their projects. An
independent party may be better able to maintain an objective point of view on the
project. They provide another set of eyes, helping to improve project quality and
ensure that the owner’ s goals are met satisfactorily. An independent commissioning
authority will typically have a diverse range of experience with many types of
projects. A drawback to the independent party route includes having an additional
contract to manage, which can increase administrative costs.

Some people fedl that the design professional isthe right party to serve as the
commissioning authority. An advantage to using design professionals is that they are
familiar with the project’ s design intent. Another advantage is that they are aready
under contract for their normal services. However, being expert at design doesn’t
necessarily translate into being proficient at commissioning. Many, if not most,
design professional s focus on design work and do not have hands-on experience with
start-up, operation and troubleshooting, which are essential skillsfor commissioning.
Thereis also an issue of conflict of interest when the design professional serves as
the commissioning authority on his or her own project (e.g., a design professional
commissioning his own project would not be inclined to acknowledge a design error
discovered during commissioning).

General contractors may be in a position to serve as the commissioning authority.
They generaly have good experience with the overall construction process and
project scheduling. They should be fairly familiar with the project’ s layout. However,
they typically don’t have in-depth knowledge of mechanical system operation, testing
and troubleshooting, and they may not be well versed in the design intent. The
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Mechanical Contractor

TAB Contractor

conflict of interest issue also appliesto general contractors (e.g., the contractor’ s need
to stay on schedule may be in conflict with the need for proper commissioning).

Mechanical contractors might seem like alogical choice to serve asthe
commissioning authority. They are familiar with the installation. They should be
good at scheduling. They may aso have the capability to perform some level of tests.
However, they are generally not familiar with the design intent, and they may lack
other skills necessary for the commissioning authority. Here too the conflict of
interest issue applies when the mechanical contractor serves as the commissioning
authority.

Testing, Adjusting and Balancing (TAB) firms could be considered for the role of
commissioning authority, particularly since TAB work is asignificant part of the
overall commissioning process. Quality TAB firms are skilled at testing and are
knowledgeable about a variety of mechanical systems. However, they are generally
not familiar with the design intent; other aspects of the commissioning process also
often exceed the skills of TAB firms. The conflict of interest issue applies here too.
The question must be asked: Can the TAB firm objectively assess its own work?

Table 8-3 — Comparison of Various Parties' Abilitiesto Act as Commissioning (Cx)
Authority

Activity Owner Independent  Design Genera Mechanical TAB

Party Professional Contractor Contractor  Contractor

Design review 1 0 1 0

Cx spec. development

Develop Cx plan

Develop design intent

Submittal review

Develop verification tests

Develop funct. perf. tests

Coordination & oversight

Construction observations

Direct testing procedures

Wl lwlw|lw|lw|lw|w|Nv|[w]w|w
Rrlr|lo|lr|kr|rRr|o|lolr]|o

Assemble systems manual

[N I ORI NCR IO I NCR (R OB OB (ORI OO Y OB N
[N I CR (NI B CT OO (R O BT (U IO S
RlrlRr]r|IN|[Rr|Rr|Rr|lo]lr]|oO
Rrlo|lr|r|kr|[rRr|Fr|Rr|[o]+r]|oO

Prepare Cx report 3 1

0 — not recommended 1 —should be considered 2 —recommended 3 —strongly recommended

Commissioning Activities

This section discusses the tasks involved in each phase of the commissioning process
for chilled water plants. It also provides guidance on how to develop some of the
important materials needed, such as the preliminary commissioning plan and the
commissioning specification. The recommendations presented are geared toward a
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level 3 commissioning process. A level 1 or level 2 commissioning process would
call for fewer tasks than are described below. The tasks and materials that are
required for level 3 depend on whether the commissioning authority beginswork at
the start of the program phase or the design phase.

Program Phase (Level 3)

If the owner plansto perform the commissioning work in-house or electsto have a
commissioning authority begin their involvement in the program phase, the following
tasks may be undertaken:

= Develop the owner’s program
= Help select the project team
= Develop the preliminary commissioning plan

Develop the Owner’s Program

The commissioning authority (CA) may assist the owner in developing the basic
project requirements. This might include a description of goals, objectives and
system performance criteria, aswell as cost and other limitations. The commissioning
authority would probably not help specify the space requirements, but rather help set
performance requirements for envel ope, mechanical and electrical systems. The
scope of the commissioning process should be defined and the project’s
organizational structure should be described.

Help Select the Project Team

The commissioning authority can assist in reviewing the qualifications of potential
project team members and selecting firms to interview. After the interviews, the
commissioning authority may help select the appropriate firm or firms for the project.
The commissioning authority is not likely to assist clients who regularly construct
buildings, but the CA’ s assistance might be very welcome and helpful for owners
who are going through the process on a“ one-time” basis.

Develop the Preliminary Commissioning Plan

The preliminary commissioning plan, which is developed during the program phase,
provides an overview of the commissioning process. It outlines the anticipated scope
of work, time required for completion, commissioning team members and their
responsibilities, anticipated test requirements, and operator training requirements. As
the project progresses, this preliminary plan is expanded and updated, to become the
final commissioning plan that defines the commissioning requirements at every stage
of the project. The sooner the commissioning plan is devel oped the better, since it
will help team members understand their roles and responsibilities.

Design Phase (Level 3)

The commissioning authority’ s involvement in the design phase helps to ensure that
the owner receives an adequate system design. Work during this phase includes:

= Helping to select the desired system configuration
» Reviewing the design
= Deveoping the commissioning specification
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Help Select Desired System Configuration

Depending on the project and owner requirements, it may be appropriate for the
commissioning authority to set criteriafor the desired system configuration.

Design Review

It' s valuable to have an experienced engineer on the commissioning team to provide
an independent design review. A peer review of the design offers many benefits to
the owner and the designer. Most importantly, it provides oversight; a second pair of
eyes can help prevent expensive design errors. Design review requires thorough
documentation of all design assumptions and calculations. This helps uncover
inconsistencies, errors and omissions. The design review helpsimprove quality
control by promoting conformance with the design intent.

Design review may be either conducted or simply overseen by the commissioning
authority. Design review may be a one-time activity occurring when the design is
complete, or it may occur at multiple points in the design process (schematic design,
design devel opment, construction drawings). The design reviewer should be
independent and work directly for the owner. Potential reviewers include one or more
of the following: the owner’ s in-house engineering staff, the commissioning
authority, amechanical contractor, or an independent mechanical engineering
consultant.

Thereviewer's goal isto support the design team in developing a system design that
meets the design intent.

The person performing design review would check the following:

= |sthe statement of design intent complete and consistent with the requirements
of the owner’s program?

» Doestheload profile calculation include al critical factors?
= |sthe control strategy described completely, and does it meet the design intent?

= |sthe system layout shown completely and consistently in the drawings? Is there
a schematic diagram? Will the system as shown meet the design intent?

= |sappropriate equipment called out in the specification, aswell asin the
installation requirements?

» Do the drawings and specification adequately describe the instrumentation
required for control and performance monitoring?

»  Are acceptance-testing requirements defined properly?

= Doesthe commissioning specification adequately describe the process, aswell as
the roles and responsibilities of the parties?

» Hasthe economic analysis been updated to match the current design?
The following information should be provided to the reviewer:

= Load calculationsfor the facility, with sufficient detail to aid in understanding
the factors affecting the load

» Equipment selection criteria and equipment specifications

= Detailed drawings, including schematic diagrams, plan drawings, control

diagrams, piping and instrumentation diagrams, equipment schedules, and
construction details

= Description of the control strategy, control specification, ladder logic diagram,
and energy management system (EMYS) interface specifications
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= Commissioning plan and specification

To be effective, the design review process requires open lines of communication and
cooperation between the reviewer and design team. The process should begin early in
the design phase. Typically adesign review will occur near the end of the design
development (DD) phase, but before the construction documents (CD) are prepared.
Input from the reviewer to the design team should occur throughout the design
process. This alows any needed modifications to be incorporated with minimal
disruption to the schedule.

Commissioning Specification

The commissioning specification defines in detail the activities that will occur during
the construction and acceptance phases of a project to fulfill the commissioning plan.
The commissioning specification is a part of the contract documents, and is an
important element of the project implementation. The specification defines
contractual relationships for carrying out commissioning. It also describes the roles
and responsibilities of each party in the commissioning process. It must also specify
reguirements for construction observation, start-up, and acceptance testing, and
define how the performance of the system will be evaluated.

The commissioning specification must describe the commissioning requirementsin
enough detail so that contractors can competently submit bids to perform the work.
The specification, with a section in Division 1 and in Division 15, should include the
following information:

= Linesof communication and reporting requirements

= Rolesand responsibilities of al parties

= Requirements for team meetings

» |dentification of the equipment and systemsto be commissioned

» Criteriafor acceptance of the system, including how failure is defined
» Recourseif required performance is not achieved

= Project documentation requirements, including control submittals, equipment
submittals, test results, as-built documentation, and system manual

= Description of test methods to be used
Construction Phase

Construction-phase activities for the commissioning authority are focused on
preparation for the acceptance-phase testing procedures. The goal during the
construction phase isto complete the installation efficiently, with minimal problems
to hamper acceptance-phase activities. Commissioning tasks during construction
include:

= Submittal review

=  Construction observations

= Commission meetings

= Test procedures development

Submittal Review (Level 2, 3)

Construction specifications often require that contractors or subcontractors submit
detailed drawings or product samples for approval by the design professional.
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“Submittal Review” isthe process of evaluating thisinformation for compliance with
the requirementsin the specifications. If a complete and thorough design has been
prepared, with material and equipment requirements clearly defined, submittal review
should be limited to verifying that the proposed equipment meets the stated
reguirements. However, pressure to cut costs, or unfamiliarity with the type of system
(for example, cool storage), can cause contractors to propose equipment that doesn’t
meet the design intent.

Control system submittals are of particular concern. In terms of overall system
operations, the control system is probably the most critical part of achilled water
plant. Control system submittals must be carefully reviewed to ensure that the system
will meet the design intent. Proposed control sequences must be consistent with the
control sequence description provided in the project specification.

The submittal review verifies all the details of equipment performance and
configuration that are necessary for proper system functioning. The review process
focuses on the products and shop drawings proposed for the project, including:

»  Veifying that submittals are complete

= Confirming that specified performance at full and part load is documented

= Confirming that pressure drops of chillers, heat exchangers, and accessories are
within specified ranges

= Ensuring that instrumentation is selected for appropriate measurement ranges and
accuracy

= Verifying that pump head and flows are as specified

Construction Observations (Level 2, 3)

Periodic site observations during construction are an important way to keep tabs on
the installation’ s progress. These site observations may uncover problems that can be
corrected easily. For example, it's alot easier and less costly to change piping
mistakes while the pipes are empty than when they’re full of water.

The number of site visits required generally depends on the size and complexity of
the project. Asarule of thumb, site visits should be conducted during:

» pipinginstallation,

"  maor equipment placement,

» pressure and leakage testing, and

= periodically during general construction.

Some projects may warrant site visits as often as every week during construction.

Construction observations typically include:

» Veification that equipment isinstalled in specified locations, with appropriate
workmanship

= Observation of procedures such as pressure and leakage testing, and flushing and
cleaning

= Assessment of the energy efficiency impacts of the installation
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Examples of Problems Addressed during Field Observations

In one project, a magnetic flow meter was found during a site visit to have been piped backwards with
regards to upstream and downstream piping. Fortunately, the system had not been filled, and it was easy
to cut out the piping and correct the mistake. The contractor had read the plans backwards.

In another project, a control valve and a manual isolation valve (both butterfly valves) on abypassline
were placed too close together. When the control valve was operated, it got hung up (stuck) on the
isolation valve. In this case, the system was already full, and it was much more difficult to implement a
solution. Also, in this case, the piping had been completed before the commissioning authority began
work on the project. Construction observations probably would have picked this up.

Commissioning Meetings (Level 2, 3)

Periodic commissioning team meetings during construction are useful for scheduling
activities, discussing and resolving problems, and tracking solutions. A
commissioning kickoff meeting isusually held at the beginning of the commissioning
process to explain to the project team what will occur during the process, and to
ensure that everyone understands their roles and responsibilities. The commissioning
authority should periodically attend regular project team meetings during
construction that include commissioning on the agenda, and may call specia
commissioning team meetings if needed. During acceptance testing, it is advisable to
hold team meetings to discuss issues that arise as aresult of testing. Minutes should
be taken at each meeting and distributed to team membersin atimely manner. The
meetings should be attended by the owner, general contractor/construction manager,
and by the lead person from each major trade.

Develop Test Procedures (Level 2, 3)

Thisisavery important part of the commissioning process. Careful planning and
preparation are critical to ensuring that the test procedures will yield reliable and
useful test results. The time spent on devel oping thorough test procedures will help
lead to effective application of the tests.

Things to consider when devel oping test procedures include:
=  What are the overall goals of test?

=  What results are expected in each test? What is the best way to accomplish these
results? Does the test focus on the equipment level or system level?

=  What's supposed to happen, and when?

= Areadl of the control sequences documented? For example, for a chiller to start,
there must be flow of both chilled water and condenser water to the chiller. The
sequence might be that first the condenser water pump starts and proves flow,
then the chilled water pump starts and proves flow, and then the chiller is
enabled to start. Thiswould be documented in the test procedures.

» Exactly what data and/or measurements are needed to accomplish the test? Also,
how will this information be obtained? DDC control systems can log control
point data over specified time periods. Can the control system supply all
necessary data for a given test? If not, are stand-alone data loggers needed to
provide additional data? Will manual measurements be needed?

Depending on the circumstances, the amount of data and/or measurements can be
quite large. Typical data needed for various testsin a chilled water plant project
include:

= Supply and return, chilled water and condenser water temperatures
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= Chilled and condenser water flows

»  Pressure differences across pumps, chiller barrels and coils

= Qutside air temperature and humidity

= Control valve positions at certain times

=  Motor speeds, especialy those with variable frequency drives

= Motor voltage and amperage (and kW if possible) for chillers, pumps,
towers, peripherals at various loads

= How can various loading conditions be achieved?

Part-load conditions are usually easy to obtain; chilled water plants typically
operate at part load over much of ayear. Achieving full-load conditions
sometimes presents a challenge, however. If the testing can be done on a peak
summer day, there is chance full load conditions will exist. However, testing is
rarely timed to coincide with favorable weather conditions. Some form of false
loading is generally required to simulate full-load conditions. How can thisfalse
loading be accomplished? Solutions may include heating the building overnight
or allowing the chilled water loop temperature to get high enough to fully load
the chiller for at least a short period.

= Aretest procedures repeatable?

Thisisimportant in case atest fails and must be repeated later, after corrections
to the system are made. Thisis aso important for ongoing commissioning
activities; it will enable the test to be duplicated periodically over the chilled
water plant’slife.

The acceptance phase iswhere, so to speak, the rubber hits the road with the
commissioning process. As mentioned previoudly, the focus of all preceding
commissioning activitiesisto enable the acceptance tests to occur with minimal
problems. Commissioning responsibilities during the acceptance phase include:

= Start-up and pre-verification tests

= Verification of control device function
= TAB issues

= Verification tests

= Functional performance tests

= Coordination of operator training

=  Systems manual development

Start-up and Pre-Verification Tests (Level 1, 2, 3)

Onceinstallation is complete, al equipment, including chillers, pumps and cooling
towers, must be started up following the manufacturer’ s recommendations. Thisis
typically the responsibility of the mechanical contractor; often a manufacturer’s
representative assists with the process.

Too often, the start-up process is not properly documented, either because no
documentation materials are available, or because the contractor neglects to fill them
out. The commissioning authority should ensure that start-up documentation
materials are available, that they get filled out, turned over to the commissioning
authority, and included in project documentation.
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If deemed necessary, in addition to start-up documentation, pre-verification tests may

be developed by the commissioning authority to enhance the start-up procedures and

gather additional information. These pre-verification tests, primarily “static” in

nature, are intended to show that equipment has been installed and set up correctly,

and isready for the “dynamic” verification test procedures to occur later.

The pre-verification test procedures typically include ensuring that:

=  Piping connections are correct

=  Pressure and leakage testing and flushing and cleaning have been completed

= Alignment, direction of rotation, and lubrication of rotating equipment are
correct

= Electrical equipment is properly fused and grounded

= Voltage and amperage measurements are taken

Verification of Control Device Function (Level 2, 3)

The control system is one of the most important componentsin amodern chilled
water plant. In many waysit is the most complex component. As such, it is critical to
ensure that the control system is set up and operating properly. Control systems
contain numerous individual control devices, all connected to a*“brain” that tells each
device what to do and when to do it. These devices need to be closely checked to
make sure they are working correctly. This can have a significant impact on making
the chilled water plant work optimally.

The control system specification should require that each control devicein achilled
water plant be individually checked to ensure that it isworking properly.
Unfortunately, even when calibration is required in a specification, the control
contractor all too often will say that there’ s no need to calibrate control devices after
installation because they’re calibrated at the factory. Thislogic leads to many control
systems, and hence the equipment they control, that never function as well as they
could.

Critical sensorsin chilled water plants whose function must be verified include:
= Chilled water supply and return temperatures

=  Condenser water supply and return temperatures

= Differential pressure sensors

»  Flow sensors used for control purposes

= Current, voltage, and power sensors used for control purposes
=  Humidity sensors
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Commissioning Stories

In a project with a plate-and-frame heat exchanger for free cooling, pre-verification checkout indicated a
strange problem. Temperature readings from the control system seemed to indicate a“perpetual energy
machine.” It appeared that temperature sensors might be reversed. However, the controls contractor
insisted that they had all been checked and that they were installed correctly. The local thermometers
seemed to match the sensor readings because, at the time, there was a small delta-T across the heat
exchanger. Further investigation proved that in fact, the supply and return sensors were reversed. The
controls contractor was, of course, thoroughly embarrassed by this.

In another project, a differential pressure sensor that was reading across the supply/return loop in the
building appeared to be reading within the desired range, although the reading never seemed to change,
even with changes in pump speed. Readings from a test gauge indicated that the sensor had failed. The
controls contractor had not caught this. Replacing this sensor (which was covered under warranty) saved
the owner a significant amount of money in wasted pumping energy.

TAB Issues (Level 2, 3)

Verifying that TAB work has been completed correctly is an important aspect of the
commissioning process. TAB report results for critical itemsin chilled water plants
should be checked by the commissioning authority to ensure they are valid. This
verification should be done using the same instrument or instruments that the TAB
contractor used to take readings. Or, if the commissioning authority has instruments
of higher quality, these could be used.

Examples of TAB results to check include:

= Chilled and condenser water flow rates

= |nmultiple cooling tower plants, proper water distribution across all towers
= Cooling coil data

=  Pump data, particularly shut-off head measurements

Pump shut-off head measurements are generally part of TAB work. The results from
the TAB report for pumps should be checked as part of the commissioning process to
verify that the pump impellers are the correct size. Thisis done by measuring
pressure at the pump inlet and outlet with the pump discharge valve open, and by
measuring the outlet pressure with the discharge valve closed. These readings should
be taken at pump taps on the pump casing (typically on flange connections), not in
the piping upstream or downstream of the pump. These values are then plotted on the
manufacturer’ s pump curve for the specific pump. The results will fall on theline
corresponding to the installed impeller size.

Verification Tests (Level 1, 2, 3)

Verification tests are “ dynamic” tests conducted to confirm that the equipment and
systems perform correctly during all normal and alarm operating conditions.
Critical verification tests for a chilled water plant include:

»  Equipment start/stop sequencesin hormal and abnormal modes

= Chiller staging in multiple chiller plants

= Pump staging in multiple chiller plants

= Cooling tower fan staging

= Reset sequences

= Economizer operation
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In general, verification testing proceeds from component level to system level to
intersystem level. The actual testing of the chilled water plant equipment and systems
takes place using the verification test procedures developed earlier. All TAB work
and all control system setup and calibration must be complete before this testing
occurs. The commissioning authority coordinates this testing and fills out the test
procedure documentation. The appropriate contractor or contractors operate the
equipment in the various modes as directed by the commissioning authority.

Commissioning Stories

In aproject for acritical data center, testing to ensure that plant equipment quickly came back on-linein
apower failure uncovered a unique problem. The chillers were equipped with remote starters. When a
power failure was initiated, backup power was supposed to bring the plant equipment back on-line
within two minutes. However, the remote starters were not resetting properly, and the chillers were not
coming back on-line in the required time frame. The manufacturer’s local representative was called to
help figure out the problem. Applying numerous different settings to the starters did not solve the
problem.

After spending a couple of frustrating days on the problem with no success, alead engineer from the
factory was brought in. Eventually the puzzle was solved: a current was being generated in the chiller
motor windings while it was spinning toward a stop. This current was feeding back to the starter,
preventing proper reset (the chillers would start fine if there were await of two to three minutes for the
motor to stop spinning before restoring power). Luckily, the problem could be solved with an electrical
jumper and aremedy was relatively simple once the problem was figured out.

In that same project, testing found a number of control sequences that needed to be modified to achieve
proper operation. These sequences impacted chillers, pumps and towers.

In another project, a building was false loaded by heating it overnight to try to temporarily achieve full
cooling-load conditions. This process uncovered a serious problem with the chilled water distribution
system in the building. The building was part of a campus system, and had afairly large pump (50 hp)
with VFD to supply the building with chilled water from a central plant. Technically, the pump in the
building was atertiary pump. The primary pump served the chiller at the plant, and the secondary pump
moved water from the plant to the building. With alarge cooling load, the chilled water supply
temperature to the building would not drop below about 52°F (water from the plant was 42°F). This
condition occurred when the control valves at the AHU’ Sin the building were 90% or more open, and
the pump/VVFD was operating at 95% flow or higher.

Investigation showed that short-circuiting was occurring in the decoupler line. A valve was placed in the
decoupler line (the valve should not have been there), and when it was throttled toward closed, the water
temperature to the building would quickly drop to about 42° — 44°F. If testing had not occurred, this
problem would not have been discovered until a hot summer day, when the system most likely would
not have been able to meet the cooling setpoint in the building.

Functional Performance Tests (Level 3)

If required in the project, these procedures are undertaken to determine the as-
installed capacity and performance (overall kW/ton or other criteria) of the chilled
water plant. To save time, thiswork may be done in conjunction with the verification
testing. The advantage would be to avoid setting up all equipment again. Whileit is
recommended that chillers be factory tested for performance, field testing can
uncover problems arising from installation.

Example

In one project, two identical chillers had matching results from the factory testing. Field testing showed
that one machine’s efficiency had degraded since the factory testing. Investigation revealed that tubesin
that machine had become fouled, causing the difference in performance. Once the tubes were cleaned,
both machines operated at the specified performance level.
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Operator Training (Level 2, 3)

The commissioning authority coordinates training for the O& M personnel to ensure
that they adequately understand the operating and maintenance details for the chilled
water plant. The commissioning authority should interview the O&M staff to
determine where to best focus the training to meet their needs. Training should
include classroom sessions to cover general material and hands-on sessions to learn
equipment-specific functions. It is recommended that all training sessions be
videotaped for future training purposes. Videotaping may be included in the scope of
work for the commissioning authority if the owners don’t want to do it themselves.
Experience has shown that when training sessions are videotaped, contractors and
others doing the training tend to be better prepared.

Systems Manual (Level 2, 3)

The systems manual is an expansion of the traditional operation and maintenance
manual, filling in gaps that exist in typical submitted manuals. It should provide the
information needed to understand, operate, and maintain the chilled water plant, and
to inform other parties about the system. One important component of the systems
manual is athorough written description of the installed system including intended
capabilities and limitations. The commissioning authority should assemble the
systems manual, with input from the design professional and the appropriate
contractors. For more information on the systems manual, refer to ASHRAE
Guideline 1-1996, The HVYAC Commissioning Process.

Information in the systems manual includes:

= Statement of design intent

= A narrative of how the system is intended to work including a discussion of its
capabilities and limitations

=  Schematics of the control system and other system components

= Acceptance test procedures and results

= As-built sequences of operation

=  Recommended record keeping procedures including sample forms, trend logs,
etc.

Occupancy Phase

Commissioning should be considered an ongoing endeavor. After construction is
finished, testing procedures are complete, the chilled water plant is operating in atop-
notch manner, and the owner has accepted the project, there is still a need to monitor
performance and modify control strategies when use patterns or load profiles change.
There are many types of changesthat are likely to occur over time that can negatively
affect the chilled water plant’ s performance. Ongoing commissioning and long-term
performance monitoring can help ensure optimal performance throughout the life of
the chilled water plant.

Ongoing Commissioning (Level 3)

Ongoing commissioning is the continued adjustment, optimization and maodification
of the chilled water plant to maintain as-commissioned operation and performance. It
includes updating documentation to reflect setpoint adjustments, maintaining and
calibrating the system, and making other significant modifications that might occur
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over thelife of the plant. The plant operating staff is obviously an integral part of this
work and should understand the importance of it.

Methodical system testing should be conducted periodically to see how the plant is
performing. The same verification test procedures that were used during the
acceptance phase should be used for this periodic testing. It is recommended that this
testing be conducted every three to five years over the life of the plant.

Long-term Performance Monitoring (Level 3)

Ongoing performance monitoring during system operation hel ps diagnose problems
and keep the system running optimally. Modern control systems allow information
from controlled points to be recorded at set intervals and logged to memory. Datafor
long-term performance monitoring and testing can be collected using sensors
installed as part of the control system.
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Definitions

Acceptance Tests. Testing that occurs during the acceptance phase including pre-
verification, verification, and functional test procedures.

Accuracy. Conformity of the indicated value to the true value.

Actuator. The motor and spring assembly that provides the motive force to
automatically operate a control valve.

Adiabatic Saturation. Water is evaporated from liquid to vapor to decrease the
temperature of the water in athermal process where no heat istransferred.

Analog-to-digital. The process of converting an analog signal (e.g., avariable
voltage or current) to adigital signal (e.g., adata stream of bits).

Axial Fan. In-line propeller type fan.

BACnet Gateway. A gateway that converts communication to the BACnet protocol
standard developed by the American Society of Heating, Refrigeration, and Air-
Conditioning Engineers (ASHRAE).

Baffle. Platesinserted in the path of the fluid flow to allow for complete mixing.

Balance Valves. Manual valve in piping system that can be adjusted to regulate flow
distribution.

Basket Strainer. Device used to separate solids from the liquid containing them,
similar to afilter. Filter basket is perpendicular to fluid flow.

Bits. Binary elements of adigital system.

Bullhead Tee. A pipe tee connected in such away that the flow enters the side and
exits out both sides.

Burst Pressure. Pressure at which avessel is subject to failure.

Bypass Valve. Automatic valve that controls flow through a bypass pipe typically
between the supply and return of a chilled water system.

Canned Vertical Turbine Pumps. Turbine pumps that are enclosed by a pipe sleeve
to allow use outside of atank or sump.

Cavitation. Formation by mechanical forces of vapor within liquids; specificaly, the
formation of vapor cavitiesin the interior or on the solid boundaries of liquidsin
motion, where the pressure is reduced to a critical value without a change in ambient
temperature.

Centrifugal fans. Squirrel cage blower.

Change of Value Threshold. The smallest change for which achange in signal will
occur (see resolution).
Check Valve. Valve alowing fluid flow in one direction only.

Commissioning Team. Thisis essentially the project team. It includesthe
commissioning authority, owner, design professional, general contractor/construction
manager, mechanical contractor, electrical contractor, controls contractor, TAB
contractor, manufacturer’ s representatives, and others as necessary.

Common Pipe. The pipe that is shared between two pumping circuits.

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide i



Appendix A
|

Control System Points. Discrete interface elements to a device or system being
controlled.

Control System. A system that directs or regulates devices or systemsin accordance
with process that includes comparison with desired outcomes.

Controal. Directing or regulating in accordance with process that includes comparison
with desired outcomes.

Cooling Ponds. Small body of water used to reject heat by evaporation.

Cross-feed Manifold. A device for connecting a differential pressure sensor such
that the device can beinstalled and removed from service without it being subject to
differential pressures above the differential at the points being monitored.

Crossover Bridge. The branch pipe that connects the supply to the return from
which secondary or tertiary pump circuits are attached.

Current Transducer. A current transformer with conversion as required to convert
the AC output to a suitable analog monitor signal.

Current Transformer. A small transformer that employs a power wire asits
primary and provides an AC signal that is afunction of the current traveling through
the primary wire.

DDC Controal. Direct digital control. Mode of control wherein digital outputs are
used to control a process or element directly.

Decoupled. Hydraulically independent.

Dedicated Pump. Pump whose use isintrinsically connected with another piece of
equipment such as a chiller or a cooling tower.

Delta-P Control Valve. Trade name for a pressure independent two-way control
valve that internally compensates for pressure fluctuationsin the piping while
maintaining constant flow for a given flow setting.

Dew Point Temperature. Temperature at which water vapor has reached the
saturation point (100% relative humidity).

Diaphragm Gas Meter. A device for measuring gas flow that employs a diaphragm
for the flow measurement.

Direct Drives. Theimpeller is coupled directly to the motor shaft and rotates at the
same speed as the motor.

Discharge Air Velocities. Air speed at outlet of cooling tower.

Division 1. The divisions refer to the standard way of organizing construction
specifications, as established by the Construction Specifications Institute (CSl).
Division 1 isthe general section that lays out procedures and methods for al building
systems.

Division 15. The divisions refer to the standard way of organizing construction
specifications, as established by the Construction Specifications Institute (CSl).
Division 15 is the section that deals with mechanical systems.

Double-seated Valve. Vave that controls flow by two circular disks forced against
or withdrawn from annular rings or seats that surround the openings through which
flow occurs. Upstream pressure acts on one side of one disk and the opposite side of
the other disc, resulting in smaller system forces on the actuator.

Dynamic Compression Devices. Compression of gasis due to the rotation of the
impeller that imparts velocity (kinetic energy) to the gas moleculesthat in turnis
converted to static pressure (potential energy) in the diffuser.
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Economizer Dampers. Dampers used in the airside economizer process, which
refers to the use of outside air to decrease or eliminate cooling load.

Electric Actuation. Actuation whose forceis provided by an electric motor or other
electric means.

Eliminators. Sheet metal plates formed in a pattern so that water droplets are
removed from moisture-laden air that passes through.

End-to-end Accuracy. The accuracy of control or measurement for a system
wherein the signal passes through at least one intermediate step and the accuracy is
considered at the end points.

Equal Percentage Valves. A valve whose flow characteristics increase exponentially
asthe valve position increases. This valve characteristic is employed to offset the
characteristics of most heating and cooling coils whose capacity characteristics are
complementary.

Equalizer Flume Weir Gate. Passage between two cooling tower basins to maintain
acommon liquid level.

Equalizer Piping. Piping connecting basins of multiple cooling towers to maintain a
common liquid level.

Expansion Tank. Partially filled tank, operating at atmospheric pressure at the top of
awater system for the accommodation of volume expansion and due to the
contraction of water.

Fill. Portion of cooling tower that constitutes the primary heat transfer surface,
sometimes called packing.

Fin Density. The number of finson acoil per unit of finned tube length.

Fixed Orifice. Machined fixed opening that acts as a throttling device between high-
pressure and low-pressure side of refrigeration process.

Float Valve. Automatic modulating thermal expansion valve driven by aball that
floats on aliquid reservoir to maintain a constant level.

Functional Performance Tests. Test procedures to determine as-installed capacity,
and performance.

Gateway. A means of connecting two or more systems or networks and converting
dissmilar signals or protocaols.

Gear Drive. A transmission that is placed between the motor shaft and the impeller
rotor to increase the speed of the impeller relative to the motor.

Globe Valve. In aglobe valve, flow is controlled by acircular disk forced against or
withdrawn from an annular ring, or seat that surrounds an opening through which
flow occurs. Valves are typically used where throttling of flow is required.

Greenhouse Effect. Process where short wave radiant energy from the sunis
absorbed and converted to long wave radiant energy and is effectively trapped in the
atmosphere.

Groove Volume. The volume between the rotor, gaterotor, and casing of the
COMPressor.

Heat Transfer Coefficient. Heat transmission in unit time through unit area of a
materiel or construction and the boundary films, induced by unit temperature
difference between the environments on each side.
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Hydraulically I ndependent. The flow or pressure change in one pumping circuit
does not affect the flow or pressure in the other circuit even though they share a
common pipe.

Hydraulically Remote Coils. Coils that are the furthest from the pump in terms of
pressure drop; often but not necessarily the most remote physically from the pump.

Impeller. The blades of arotor that are used to impart velocity to the fluid.

Inductive Devices. Air flow drawn through the tower because of suction caused by
high velocity water flow rather than by afan.

Integral Combustion Heat Sour ce. Source of heat for absorber isfrom gas or oil
furnace within the machine.

Isolation Valves. Valvesthat allow a piece of equipment to be isolated from the rest
of the system for maintenance or replacement.

Jacket Water. The fluid circulated within an engine used to reject heat.

L ag Machine. In a sequence of operation the machine (chiller, pump, cooling tower,
etc.) that is started after another machine (lead machine).

Laminar Flow. Streamlined fluid flow where al particles move in substantially
parallel paths. Flow that is not turbulent.

Laminar Range. Indicates that fluid flow is streamlined and not turbul ent.

L ead-lag. For multiple equipment in parallel, the first machine to be turned on isthe
“lead” machine; the last isthe “lag” machine.

L ead machine. In a sequence of operation, the machine (chiller, pump, cooling
tower, etc.) that is started first.

Linear actuation. Actuation that provides linear movement.

Magnetic Flow Meter. An electronic flow meter that measures the flow by sensing
flow induced changesin aweak magnetic field in the medium. These devices are
often called “magmeters.”

Marine Water Boxes. Special heat exchanger heads that allow access to the heat
exchange tubes without disassembling the connecting piping.

Monitor Points. Discrete interface elements to a device or system that provide
information about the operation of that device or system.

Multiple Hydronic Circuits. Many different flow paths in awater piping system.

Networked Sensor. A sensor whose value is multiplexed and transmitted across a
digital network for use at another node in the network.

Orifice Plate Flow Meter. A device that measures flow by measuring the pressure
difference of the flowing fluid across a selected orifice plate.

Paddle Turbine Meter. A device that measures flow by inserting a small paddle
wheel in the fluid and measuring the rate of rotation of the wheel.

Part-load. Operation at less than 100 percent load.

Passes. The number of times the fluid is passed through the heat exchanger before
exiting.

Performance Specification. A document that specifies the performance asystemis
to provide as opposed to prescriptively listing how that performance can be attained.

Piezoresistive. Material whose electrical resistance changes with pressure on the
material.

Pneumatic Actuation. Actuation whose force is provided by an air cylinder.

iv CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Definitions
|

Pneumatic Control. Control devicesthat utilize pneumatic (compressed air) signals
to control inputs and outputs.

Pony Chiller. A chiller that is significantly smaller than the other chillersin the
plant, for handling very low loads.

Positive Displacement M achine. Refrigerant compressor that has capability of
producing an infinite pressure only as limited by the physical constraints of the
materials and equipment.

Power Sensor. A sensor that combines current and voltage sensing to provide a
signal based on the power draw of the equipment being monitored.

Precision. The degree of accuracy in measurement or control.

Pressure Taps. Small valved connections in piping of vesselsthat permit the
temporary connection of pressure monitoring equipment for testing or
troubleshooting.

Pre-verification Tests. Primarily “static” checks to verify that equipment has been
installed properly, and isready for further testing. May be done in conjunction with
normal start-up procedures.

Process Chilled Water. Chilled water used to cool process loads.

Process L oads. Heating or cooling loads that are the result of a manufacturing or
other process.

Process or Data Center. Space where main frame computers are located; typically
has high internal heat gains and/or humidity requirements.

Propéeller Fan Towers. Cooling towers with propeller fans, as opposed to centrifugal
blowers.

Pumping Head. Total differential pressure (psi) or level (feet of water) created by
the pump at a given speed and capacity and includes static head, velocity head, and
frictional lossesin piping and fittings.

Rangeability. The ability of a system or device to measure or control over various
ranges (e.g., the difference between maximum and minimum values).

Refrigerant Head Pressures. The gauge pressure of the hot gas directly downstream
of the compressor.

Remote Differential Pressure Controller. Control device consisting of pressure
sensors and controller that is used to control a set difference in pressure in alocation
remote from the cooling plant.

Reset. Control strategy where atemperature (or pressure, etc.) setpoint changes as a
function of some variable such as outdoor air temperature or piping differential
pressure.

Resolution. The capacity of asignal to transmit or receive change in the controlling
element.

Reynolds Number. Dimensionless number that indicates how turbulent or laminar
fluid flow isin apipe.

Riding Pump Curve. Term to describe a pump operating without speed control as
the flow through it varies.

Rotary Turbine Flow Meter. A device that measures flow by inserting arotary
turbine into the fluid and measuring the rate of rotation of the turbine.

Series Booster Pumps. Pumps piped in series used to raise the pressure of a
hydronic circuit.
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Series Piping. When pumps are piped in such away that the discharge of one pump
isdirected into the inlet of a second pump with the result that the flow rate of each
pump is the same but the pressures of each pump are additive.

Solenoids. Valves with actuators that operate in a two position (open/closed) mode.
Start-up Transients. Initial unstable condition at start-up.

Step Reset. Reset that changes incrementally in steps rather than smoothly.
Storage Tank. Container plus al contents used for storing thermal energy.

Suction Diffusers. Device mounted at the inlet to a pump to straighten water flow, in
lieu of providing long runs of straight pipe. May optionally house a strainer.

Sump. Collection basin for water after it has gone through the cooling tower.
Synchronized Timing Gears. Gears that allow twin rotors to rotate at exactly the
same speed.

Temperature Bin Method. Energy calculation method, usually used in prediction, in
which the annual (or monthly) energy use of abuilding is calculated as the sum of the
energy used for al of the outdoor temperature bins.

Temperature Tolerance. The tolerance of a device or system to be exposed to
external temperatures.

Thermal Siphon. Flow that occurs due to fluid density differences caused by
temperature differences within the same system or pipe.

Three-pass Evaporator . Heat exchanger where the fluid is directed through the heat
exchanger three times.

Three-way Valves. Valve having either asingleinlet and two outlets (diverting) or
two inlets and a single outlet (mixing), in which either one or the other is open.
Valve can modulate flow in infinite combinations between either inlet or outlet as the
case may be.

Throttling Device. A device that separates the high-pressure liquid refrigerant in the
condenser from the low-pressure gaseous refrigerant in the evaporator. This device
can be an orifice, float valve, or thermal expansion valve.

Tolerance Limit. The point at which the reliability of a device or system may be
affected by exposure to certain conditions.

Trend Logs. Record of events taken on aregular schedule or equal time intervals.

True RMS. True Root Mean Square. Thisisthe mathematical relationship that is
used to determine the value of AC voltages and currents.

Turndown. Operation at part |oad.

Two-pass Evapor ator. Heat exchanger where the fluid is directed through the heat
exchanger twice.

Two-way | solation Valves. Automatic control valves that have two positions, open
and closed, used for controlling flow to equipment.

Ultrasonic Flow Meter. A device that measures flow by sensing its effect on an
ultrasonic signal transmitted into the fluid.

Underfloor Systems. Systems that supply air from an underfloor plenum rather than
overhead.

Unloading. Process by which arefrigerant compressor reduces its capacity, usually
by opening the intake valve on one or more of the pistons.
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Valve Authority. Theratio of the maximum to minimum pressure drop across a
valve over the range of operations.

Valve Flow Coefficient. The number of GPM of water at 60°F that will pass
through afully open valve. Flow coefficient symbol is“CV.”

Verification Tests. Series of test procedures to verify that equipment/systems are
operating in accordance with the design intent and contract documents.

Volumetric Flow Characteristics. Changesin the mass flow of refrigerant.

Vortex Flow Meter. A device that measures flow by the movement of a small target
that produces a vortex in the fluid.

Water Temperature Reset. Changing the temperature setpoint of the water leaving
the evaporator.

Y -strainer. Device used to separate solids from the liquid containing them, similar to
afilter. Filter basket islocated at an angle to the fluid stream.
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Condenser Water Optimization Study

Simulations

Use the Cool Tools™/Visual DOE Plant-Only Tool to simulate amatrix of 120 runs
representing:

A.5 5climates

A.6 3 occupancies

A.7 3tower fan control options

A.8 3tower efficiency options

A.9 4 tower approach options

Note that the alternatives in steps 3, 4 and 5 will be run independently and share a
common base case (2-speed tower, medium efficiency at Tagproacn=7.5°F. The 120
runs come from 8 aternatives (1 base case, 7 alternatives) and 15 climate/occupancy
models.

Climate and Occupancy Models

Five climates representing the following cities:
» San Francisco, Ty, (0.5%) 63°F

= LosAngeles, Ty, (0.5%) 70°F

= San Diego, Ty (0.5%) 70°F

= San Jose, Ty (0.5%) 68°F

= Sacramento, Ty, (0.5%) 71°F

These climate were chosen as they represent arange of climate conditions and the
core of the commercial large building stock in California.

Three occupancies representing offices, retail and 3-shift process. Retail and offices
are run as they represent the bulk of the commercial construction. Three-shift
process represents base-loaded facilities like data centers with high hours of near full
load operation. Offices are 5-day with airside economizers. Retail is 7-day with no
economizers. Processis 24-hour, 7-day with no economizer.

Tower Alternatives
Tower Fan Control Alternatives

Three methods of fan-speed control to be considered:

= On-speed (On-Off cycling)

= Two-speed (100%-50%-Off cycling)

= V8D (using revised curve for TC 8.6 symposium paper)

Assumptions:

= 7.5°F approach

= CW Setpoint set to design Ty,

=  Medium Tower Efficiency = Tier 2

= (1) 1-cell propeller Tower (1) Carrier Chiller (440 ton Carrier Chiller with inlet
vanes from the PeopleSoft project)

» Thermal cooling loads scaled to 400 tons peak
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Tower Efficiency Alternatives

Low efficiency = 90.1R 38.2 gpm/hp at 95/85/75

Medium efficiency = 90.1R Tier 2 58.1 at 95/86/75

High efficiency = Top of 90.1/8.6 study or 79 gpm/hp at 95/86/75
Using fan control model assumptions with 2-speed fan

gpm/hp VisDOE (hp/Eton) EIR

38.2 0.0628 0.0133 Low

58.1 0.0413 0.0088 Med

80.0 0.0300 0.0064 High

48.5 0.0495 0.0105 DOE2 Default

Tower Approach Alternatives

5°F, 7.5°F, 10°F and 15°F Approach

Using Tower Efficiency model assumptions with Medium efficiency tower
Life-Cycle Cost Criteria

Match ASHRAE 90.1R:

= Electricity @ $0.08/kWh flat

= Tier 1 Scalar for towersand chillers

= Costs based on 90.1/TC8.6 Cooling Tower Study or Marley CT’ srelative costs

Results Database

Fields

Run ID

City

Occupancy

Design Ty afunction of city
Fan Speed

Tower Efficiency

Approach

Plant Power kWh/yr-ton
Chiller Power kWhlyr-ton
Tower Power kwWhlyr-ton
Chiller Histogram PS-C
Energy Cost $lyr-ton
Alternative Cost $/ton

Base Case ID

Tower Size Mbtu/ton
Chiller Size ton/ton
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Sample Chiller Bid Specification
GENERAL

Project Description
A. Project Summary

1. The Sample New Building is a new 600,000 ft2 office tower in San Francisco. The
HVAC system will include a chiller plant of 1,100 tons total capacity.

2. The project is a plan & spec’ project and currently is in design development.
Construction will begin in 1999.

B. Bid and Product Selection Process

a. Chillers will be selected based on a life-cycle cost analysis over a 15-year
study period. The analysis will include the impact of chiller efficiency at
both design and off-design conditions, variations in tower water entering
temperature, and pressure drop across both evaporator and condenser as
a function of flow rate. The building and chiller plant will be simulated
using a DOE-2 computer model. While this analysis will be done by the
design team, some of the operating data are provided here to assist the
vendor in selecting chillers that might be the most life-cycle cost effective.
The vendor is encouraged to provide up to four selections for the design
team’s consideration since the energy analysis is complex and the
“winning” chiller combination may not be readily apparent.

b. The purpose of this specification is to establish equipment pricing.
However, this is not the final bid. The final bid will be obtained by the
contractor when the project is put out to bid.

It is the design team’s intention that the best products and final selection be made as
part of the design process. Vendors should offer their best products and prices
now, so that value-engineering or product substitution does not occur when the
contractor solicits the final bids.

3. To ensure that vendors provide the best pricing now, as opposed to later when
contractors solicit bids, the design team stipulates the following:

a. All pricing will remain strictly confidential until after contractor bid. Only
the design team will see prices. Prices will not be included in any written
reports to owners prior to bid. (Prices will be disclosed to contractors and
others after the contractor bid.)

b. [The engineer should choose one of following:]
Alternate 1: The chillers selected by this life-cycle cost analysis will be
pre-purchased and assigned to the successful mechanical contractor for
installation.
Alternate 2: The chillers selected by this life-cycle cost analysis will be flat-
spec’d. Substitutions by the contractor during the bid process will not be
allowed.
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Alternate 3: The chillers selected by this life-cycle cost analysis will not be
flat-spec’d and will not be pre-purchased. However, they will be the final
products specified and the basis of design. Substitutions by the contractor
during the bid process will be allowed only as alternate bids. Unless
savings are substantial (including first costs, energy costs, and redesign
costs), the alternate products will not be selected. Hence, it is extremely
likely that the product selected as part of this analysis will be purchased
and installed. Vendors who price their product during the final contractor
bid at a price lower than the one provided as part of this pre-bid will
jeopardize their relationship with the design engineers on future projects.
[This third alternate is for projects where the owner and construction
manager do not trust the consulting engineer to get competitive prices.]

4, Historical maintenance costs, factory and dealer support, and general reputation
for reliability will also be considered in selection.

Scope
A. Work Included:
1. Centrifugal and/or screw chillers.
Ancillary equipment such as starters and controls as specified herein.
Factory performance testing.
Field start-up and testing.
Freight to jobsite.
All sales taxes, including that on shipping if applicable.

2

3

4

5

6

7. Operation Instructions.
8 Warranty.

B. Work Excluded:

1 Refrigerant detectors.
2

Installation. . (The design team will estimate net installation costs of vendor
proposals. Please advise in proposal if there are any installation advantages over
competitors’ products that are not self-apparent.)

Bid Instructions
A. Pricing Options:

1. Vendors are encouraged to provide pricing for up to four different chiller
combination options.

2. Voluntary Alternates: Vendors are encouraged to provide alternates/exceptions to
these specifications to reduce costs or add value.
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B. Proposals. Two (2) copies of bid proposals shall be provided and include all
of the following:

1. Completed bid form (see attached).

2. Equipment performance data sheets (see attached) for each proposed chiller.
Additional data may be provided at bidders’ option. Data in electronic format
(spreadsheet on diskette) is required. An electronic copy of the data sheets can
computer program without credit for ARI allowed tolerance. (See section 2.10
below regarding testing.)

3. Acoustical performance: sound power levels 1 meter from point of highest sound
level.

4, Pre-submittal of each proposed chiller showing physical dimensions, electrical
requirements, wiring diagrams, etc.

5. Names of references on projects where the proposed products have been
installed.

Design and operating Conditions
A. Genera Conditions and Constraints

1. The plant runs continuously year-round due to ancillary computer room loads.
Primary loads are air handling systems with outdoor air economizers.

2. The chilled water pumping system is primary only, variable flow. Controls (by
others) will be provided to maintain minimum flow rates through chillers.

a. Because of the primary-only pumping configuration, the chiller will
experience variable flow on both sides but especially on the evaporator
side. The CHW flows can drop within seconds by as much as 30%. By
bidding on this project, the chiller manufacturer guarantees that the chiller
can handle such variations without nuisance tripping, or they shall provide
control sequences with the bid that will allow the chiller to operate through
such sudden flow disturbances. (The drop in flow will occur any time a
new chiller is brought on line. Since this is an occurrence that is known by
the control system prior to it occurring, the controls may be able to
minimize potential tripping problems by, for instance, demand-limiting the
chiller before the flow is allowed to drop. Specify what may be required

with bid.)
b. At least two chillers must be provided.
C. No redundancy is required, i.e., the total of chiller loads equals the total

design plant load.

d. Chillers need not be the same size. If chillers are unequally sized, the
minimum condenser and chilled water flow of the large chiller must be less
than the design flow of the small chiller so that the small pumps can
operate with the large chiller in case of pump or chiller failure. (Pumps will
be headered to allow either to serve either chiller.)
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3. Head pressure control: Cooling towers will have fan speed control only, no
bypass. The fan will be controlled at whatever minimum setpoint the vendor
specifies (see performance bid form). If additional head pressure controls are
required for the lead chiller (the one that will operate during cold ambient
conditions for computer room loads), they shall be provided by the vendor. Also
provide head pressure control for other chillers if necessary (it should not be). The
vendor is entirely responsible for head pressure controls (e.g., controller, wiring
excluding field wiring, etc.) except motorized butterfly control valves will be
provided, installed, and wired by others.

B. Design Conditions:

1. Chiller:
e. Capacity: 1100 tons total of all chillers.
f. Design entering water temperature: 42°F
g. Design leaving water temperature: 57°F
h. Fouling factor for performance calculations: 0.00025

2. Condenser:
I Design entering water temperature: 73°F
J. Design leaving water temperature: 85°F

This is an average condition at peak design load. The actual leaving
water temperature from each chiller may vary. For instance, if the lead
chiller benefits significantly from high flow (lower head), the lag chiller(s)
may be selected at lower flow to compensate. (Pump energy will be taken
into account, so there are diminishing returns to this strategy.)

k. Minimum entering water temperature: as limited by vendor (see bid form).
Specify as a fixed minimum temperature or as a differential above the
leaving chilled water supply temperature. This will be used in the
modeling as a limitation on cooling tower control.

} Fouling factor for performance calculations: 0.0005
3. Compressor
m. 460V, 60 Hz., 3 f
C. Selection considerations:

1. Chillers may be piped in series or in parallel. (If series piping is selected, specify
in quote. The chilled water temperatures on the bid performance form will need to
be modified.)

2. Atleast one chiller will operate 8760 hours per year to serve a small process
loads. The load profile is approximately as shown in the table and chart below
(drawn from the DOE-2 computer model):
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Annual Load Profile

Hours per year

Figure 2. Annual Load Profile

Table 4. Annual Load Profile
Load Range (%) 0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 90-100

Hours per year 0 6420 1357 447 231 159 95 31 14 6

Clearly, from this profile, it is imperative that the lead chiller be capable of
operating at 100 tons to 200 tons efficiently. The plant seldom operates above
50% load.

3. Chilled water is variable flow and thus flow rate can increase above the nominal
level during low load and mild weather conditions when delta-T degrades. Chillers
that have a high maximum flow rate will therefore be favored for the lead chiller.
(The lead chiller should be capable of operating at 200% of design flow.)

4. Pump energy impacts will be considered in the life-cycle cost analysis. (The more
chillers provided, the lower the pump energy costs.)

5. The towers are capable of maintaining entering condenser water temperature
below design conditions except for very few hours in the summer. The towers will
be very efficient and thus the likely control scenario is to maintain as cold a
condenser water entering temperature as possible. (See bid form for location to
specify limiting leaving water conditions.) If the vendor feels that another control
sequence will be preferred, please specify with bid.

B-vi CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Appendix C
|

6. Selection ideas: The following are possible size/selection scenarios that the
vendor should consider. However, the vendor is not limited to these selections
and they may not even be the best design concepts for the project. The vendor
may suggest any chiller size/quantity combination and may propose from one to
four alternatives.

n. Suggestion 1:
@D CH-1: 550 tons, very high efficiency dual compressor
2 CH-2: 550 tons, medium/low efficiency dual compressor
0. Suggestion 2:
3 CH-1: 200 tons, very high efficiency
4 CH-2: 900 tons, high efficiency dual compressor
p. Suggestion 3:
) CH-1: 200 tons, very high efficiency
(6) CH-2: 350 tons, high efficiency
@) CH-3: 550 tons, medium/low efficiency
q. Suggestion 4:
(8 CH-1: 200 tons, very high efficiency, variable speed drive
9 CH-2: 350 tons, high efficiency
(10) CH-3: 550 tons, medium/low efficiency

MATERIALS

General
A. Trane, Carrier, York, McQuay.

B. Theunit shall be completely factory packaged including evaporator,
condenser, compressor, motor, starter, lubrication system, control system, and
all interconnecting unit piping and wiring. Any field installation that is
required, other than piping and normal control and power wiring, shall be
clearly identified with the bid or shall be included in the vendors pricing.

C. Performance shall be certified in accordance with ARI Standard 550/590-
1998.

D. Ca-codeand UL listed.
Compressor
A. Screw and/or centrifugal.

B. Single or multiple compressor. Multiple compressor chillers need not have
separate refrigerant circuits. (Redundancy is provided by multiple chillers.)

C. Acceptablerefrigerants. R-123 and R-134a.
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Condenser and Evaporator

A. Tubes may be high-efficiency, internally enhanced type. Each tube shall be
roller expanded into the tube sheets and be individually replaceable.

B. R-134amachines. the refrigerant side shall be designed, tested and stamped in
accordance with ASME Boiler and Pressure Vessel Code, Section V1I1-
Division 1.

C. Theevaporator shall have a spring loaded refrigerant pressure relief device

sized to meet the requirements of ASHRAE 15 Safety Code for Mechanical
Refrigeration.

D. Include refrigerant pump-out/reclaim connections.
Water Boxes

A. Cleanable shell and tube type. Designed for 125 psig design working pressure
and tested at 200 psig minimum.

B. Stub-out water connections having Victaulic grooves shall be provided. Vent
and drain connections with plugs shall be provided on each water box.

C. Water box connections that are not from the same end of the chiller will be
given a piping cost penalty in the life-cycle cost comparison.

Purge system (R-123)

A. “Near Zero” high efficiency, air-cooled, able to operate independently from
chiller.

B. Unit shall have lights to indicate running, fault indication, and service-needed;
and an elapsed time meter.

Factory Insulation
A. Insulation shall factory installed.
B. Minimum 3/4 in. thick closed cell foam insulation (e.g., Armaflex 11).

C. Excludeinsulation of water box end section at piping connections which will
be field insulated.

Controls

A. Each unit shall be furnished complete with adigital control systemina
lockable enclosure, factory mounted, wired, and tested. The control center
shall include a minimum 40 character alphanumeric display showing all
system parameters in the English language with numeric datain English units.

B. Digital programming of essential setpoints through a color coded, tactile-feel
keypad shall include: leaving chilled water temperature; percent current limit;
pull-down demand limiting; and remote reset temperature range.

C. All safety and cycle shutdowns shall be enunciated through the alphanumeric
display and consist of day, time, cause of shutdown, and type of restart
required. Safety shutdowns (manual restart) shall include: high condenser
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refrigerant pressure; low evaporator pressure; low evaporator-condenser
differential pressure; high oil temperature; low oil pressure; high oil pressure;
motor overload, and sensor malfunction. Cycling (automatic restart)
shutdowns shall include: low water temperature; cooler/condenser water flow
interruption; power fault (loss of power, low voltage); and anti-recycle.

D. System operating information shall include: return/leaving chilled water
temperatures; return/leaving condenser water temperatures;
evaporator/condenser refrigerant pressures; differential oil pressure; percent
motor current; evaporator/condenser saturation temperatures; compressor
discharge temperature; oil temperature; operating hours; and number of
compressor starts.

E. Security access shall be provided to prevent unauthorized changing of
setpoints, and to select local or remote control of the chiller, and to allow
manual operation of the pre-rotation vanes and oil pump.

F. Control center shall be able to interface with a building automation system to
provide:

1. remote chiller start/stop

2. reset of chilled water temperature

3. demand limit

4. chiller fault (shut down on a safety requiring reset)

G. Flow switch: provide for evaporator flow if required for safe operation and
freeze protection.

Compressor-Motor Starter
A. Unit mounted starter.
1. Wye-delta, star-delta, or solid state.
B. Variable-speed drives, option, if proposed:

1. Need not be factory mounted if that is not an option. Field wiring costs will be
added in the life-cycle cost analysis.

2. Bypass starter not required.

C. Thechiller shall have a single point wiring connection at the starter, i.e., the
starter shall include factory installed transformers for all lower voltage devices
(e.g., purge units, controls) that are provided with the chiller.

Startup and Operator Training

A. A factory trained, field service representative shall supervise final leak testing,
charging, and initial startup and conduct concurrent operator instruction.

B. Submit six (6) copies of operations and maintenance manuals. Manuals shall
be bound with index and tabs and include the following:

1. Equipment submittals.
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2. Equipment performance curves or capacity tables.
3. Operating and maintenance instruction sheets and parts list.
Factory Performance Testing

A. The chiller manufacturer shall conduct a certified performance test in
accordance with ARI 550/590-1998 test procedures to be witnessed by a
representative of the Buyer.

B. If variable speed drives are proposed, the factory tests and performance
guarantees apply to the drive and chiller as a unit.

C. Thechiller shall be tested at three operating points randomly chosen by the
Buyer one week prior to the test. No tolerance (such as that normally alowed
by ARI 550/590) on efficiencies or capacities will be accepted.

D. Chiller manufacturer shall repair or replace equipment, at no cost to the
Buyer, until equipment is certified by ARI 550/590 test procedures to meet the
performance indicated in the manufacturer’ s proposal. Should failure of tests
result in a delay exceeding two weeks, the chiller manufacturer shall also pay
liquidated damages in the amount of $1000 for each day the project is delayed
while the chiller is being repaired or replaced.

E. The costs of travel for the Owner’ s representative for the initial test will be
borne by the Owner. However, the chiller vendor shall pay all transportation
costs and hotel costs (if required) associated with witnessing any required
factory re-testing for one witness originating from the San Francisco Bay
Area.

Shipment

A. Theunit shall be completely assembled, with all main, auxiliary, and control
piping installed, controls wired, leak tests completed, air runs tested, and
charged with dry nitrogen (2 to 3 psig). The oil charge and miscellaneous
materials shall be packed separately. The refrigerant charge shall be shipped
concurrently or separately in cylinders for field evacuation and charging of
unit.

B. Include al freight chargesto the jobsite.
Warranty

A. Chiller manufacturer isto provide one year parts and labor warranty on entire
chiller. Thewarranty period is defined as one year from date of startup or
eighteen months from shipment, whichever occurs first.

B. Warranty shall include replacement refrigerant if chargeislost dueto afault
covered by the warranty.
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Chiller Bid Form Page 1 of 1

Date:
Manufacturer:
Chiller System Option 1 Bid Price
QCH-1 Capacity:
Model:
QOCH-2 Capacity:
Model:
QOCH-3 Capacity:
Model:
{dVoluntary alternate,
add or (deduct):
Chiller System Option 2
QCH-1 Capacity:
Model:
QOCH-2 Capacity:
Model:
QOCH-3 Capacity:
Model:
dVoluntary alternate,
add or (deduct):
Chiller System Option 3
QOCH-1 Capacity:
Model:
QOCH-2 Capacity:
Model:
QOCH-3 Capacity:
Model:
dVoluntary alternate,
add or (deduct):
Chiller System Option 4
QOCH-1 Capacity:
Model:
QOCH-2 Capacity:
Model:
QOCH-3 Capacity:
Model:
dVoluntary alternate,
add or (deduct):
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Chiller Performance Form Page 1

Option: Model:
Manufacturer: Delivery Lead Time (Weeks):

Design Conditions

ACHW fouling factor: 0.00025 ACW fouling factor: 0.0005
AL eaving CHWST: 42°F JEntering CWST: 73°F
dEntering CHWRT: 57°F
dDesign CHW flow: gpm dDesign CW flow:
QCHW DP; ft [dDesign CW flow: gpm
dDesign kW: kW (w/o QCwW DP: ft
ARI tolerance)
[dDesign capacity: tons dDesign kW/ton: kW/ton
Operating Constraints
dMaximum CHW flow rate: gpm dMaximum CW flow rate: gpm
AMinimum CHW flow rate: gpm dMinimum CW flow rate: gpm
QdMinimum CWST: °F
or
°F above
leaving CHWST)

Part Load Conditions

The following data shall be at the proposed design conditions entered above except where noted. Where the
conditions are beyond the range of the chiller, leave the entry blank. “Minimum” refers to the minimum condenser
water entering temperature to the chiller aslisted above. Do not include ARI tolerance.

CHW Supply CW Supply Part Load Ratio (% Capacity Coincident Power
temperature °F temperature °F of design cap.) tons kw
45 75 100%

45 72.5 90%

45 70 80%

45 67.5 70%

45 65 60%

45 62.5 50%

45 60 40%

45 Minimum: 30%

45 Minimum: 20%

45 Minimum: 10%
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Chiller Performance Form Page 2

Option: Model:

Manufacturer: Delivery Lead Time (Weeks):

Full Load Conditions

The following data shall be at the proposed design conditions entered above except where noted. The capacity and
power inputs are for unmodulated operation assuming no power or current limits with all capacity control devices
fully open/100%. Where the conditions are beyond the range of the chiller, |eave the entry blank. Do not include ARI
tolerance.

CHW Supply CW Supply Inlet guide vane Capacity Coincident Power
temperature °F temperature °F position tons kw

42 55 100%

42 60 100%

42 65 100%

42 75 100%

42 85 100%

42 95 100%

44 55 100%

44 60 100%

44 65 100%

44 75 100%

44 85 100%

44 95 100%

46 55 100%

46 60 100%

46 65 100%

46 75 100%

46 85 100%

46 95 100%

48 55 100%

48 60 100%

48 65 100%

48 75 100%

48 85 100%

48 95 100%
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Sample Preliminary Commissioning Plan

Overview

Project Information

This document defines the structure and scope of the commissioning process for the
chilled water plant for ABC Company. This commissioning plan addresses the roles
and responsibilities of all parties involved in the commissioning process, the scope of
work, and a preliminary schedule for completion of commissioning tasks.

Commissioning is a systematic process of ensuring that all systems perform
interactively according to the design intent and owner’s operational needs.

Commissioning is intended to achieve the following objectives:

Ensure that equipment and systems are properly installed and receive
adequate operational checkout by the installing contractors.

Verify and document proper operation and performance of equipment and

systems.

Ensure that the design intent for the project is met.

Ensure that the project is thoroughly documented.

Ensure that the facility operating staff are adequately trained.

The project is a 15-story, 540,000 ft* high rise in San Francisco. Program space is
primarily office occupancy, with some assembly space on the ground floor (training
rooms), minor retail on the ground floor, a 5,000 ft data center, and a cafeteria on
the 7™ floor (where there is also a roof deck). The data center, and various small
computer server rooms, operate continuously and place roughly a 50-ton base load
on the chilled water plant.

Commissioning Scope of Work

The equipment listed below will be included in the scope of commissioning work for

this project.

Chillers

Chiller #1 365 tons R-134A w/VFD
Chiller #2 735 tons R-134A w/VFD

Pumps

CWP-1
CWP-2
CHP-1
CHP-2
CHP-S1
CHP-S2
CHP-S3
CHP-S4
CHP-S5

845 gpm
1680 gpm
585 gpm
1175 gpm
280 gpm
280 gpm
230 gpm
230 gpm
230 gpm
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CHP-S6 230 gpm
CHP-S7 120 gpm
CHP-S8 120 gpm
CHP-S9 120 gpm
CHP-S10 120 gpm

Cooling Towers
CT-1 1263 gpm two-speed fan
CT-2 1263 gpm two-speed fan

Control System

Commissioning will include control points and sequences of operation for the
following:

Chillers
Pumps
Cooling towers

Control valves

Project Team Directory
Owner

ABC Company, Inc.
2525 N. Beacon Ave.
San Francisco, CA

Telephone Fax Email
Thomas Tycoon 123-456-7890 456-0987 tt$@abcco.com
James Wellof f 123-456-7676 456-3456 jw$@abcco.com
General Contractor
Modern Construction, Inc.
600 Hilltop Rd.
Concord, CA
Telephone Fax Email
Ken Golden 123-456-7890 456-0987 kg@modcon.com

Commissioning Authority

Verified Functionality, Inc.
256 Independence Ave.
Berkeley, CA
Telephone Fax Email
Tim Q. Markham 123-456-7890 456-0987 tgm@vfi.com
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Mechanical Engineer

Excellent Engineering
255 Market St.
San Francisco, CA

Telephone Fax Email
Carl H. Wagner 123-456-7890 456-0987 chw@exceleng.com
Electrical Engineer
Excellent Engineering
255 Market St.
San Francisco, CA
Telephone Fax Email
Melissa Coleman-Cox 123-456-7890 456-0987 mcc@exceleng.com

Mechanical Contractor

Mechanical Systems Specialists, Inc.

525 N. Basin Ln.
Oakland, CA
Telephone Fax Email
Gordon Overton 123-456-7890 456-0987 go@mssi.com
Electrical Contractor
All Phase Electric
2525 N. Ampere Ave.
San Francisco, CA
Telephone Fax Email
Frank Sparky 123-456-7890 456-0987 sparky @hivolt.com
Controls Contractor
Or Approved Equal, Inc.
252 First Ave.
San Jose, CA
Telephone Fax Email
Greg Johnson 123-456-7890 456-0987 gj @equal.com

Test and Balance Contractor

Balance Right
325 Grand Ave.
San Francisco, CA

D-iv CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Appendix D
|

Telephone Fax Email
John Thompson 123-456-7890 456-0987 jt@balanceit.com

Roles and Responsibilities

All parties involved in the design, construction, and operation of the new chilled water
plant will be involved in the commissioning process. Although the participants’ roles
and responsibilities will vary, and in some cases overlap, the team’s goal is to provide
a chilled water plant that is in compliance with the plans and specifications, meets the
design intent, and is operationally and functionally ready for the owner to take over.
Owner

Facilitates and supports the commissioning process, including:

Managing contracts of the A/E, General Contractor, and Commissioning
Authority;

Arranging for O&M personnel to participate in the commissioning process;
Reviewing and approving change orders; and

Providing final approval and acceptance of the project.

General Contractor
Helps facilitate the commissioning process by:

Working with Commissioning Authority to integrate commissioning activities
into the construction process and schedule;

Ensuring that subcontractors execute their responsibilities, including
commissioning requirements;

Reviewing test procedures/checklists;

Witnessing startup procedures and test procedures;
Assembling and reviewing O&M manuals;

Remedying deficiencies identified during commissioning;
Ensuring completion of punchlist items; and

Obtaining final inspection approvals.

Design Professionals
Help facilitate the commissioning process by:
Providing information for basis of design and design intent;

Responding to requests for clarification generated during the commissioning
process;

Assisting in the resolution of any system deficiencies;
Reviewing verification and functional test procedures;
Reviewing and approving O&M manuals and system manual;
Reviewing and approving TAB report;

Participating in team meetings as required;

Developing punchlists; and
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Reviewing final commissioning documentation.

Contractors

Demonstrate proper system performance, and help facilitate commissioning
by:

Integrating required commissioning activities into the construction process
and schedule;

Ensuring cooperation of specialty subcontractors;
Providing equipment submittals for review and approval,
Participating in test procedures to demonstrate proper system performance;

Ensuring participation of equipment manufacturers in startup, testing, and
training activities;

Preparing and submitting O&M manuals;
Remedying deficiencies identified during the commissioning process; and

Ensuring completion of punchlist items.

Equipment Vendors
Perform contracted startup work, and help facilitate commissioning by:
Participating in training sessions;
Assisting in testing as required to demonstrate system performance; and

Assisting in resolution of system deficiencies.

Commissioning Authority

Coordinates the commissioning process and facilitates communication,
including:

Developing commissioning plan;

Performing design review;

Attending (or leading, as appropriate) project team meetings;
Conducting construction observations and reporting on findings;
Developing verification and functional test procedures;
Witnessing startup and pre-verification procedures;

Verifying TAB results;

Coordinating and documenting execution of verification and functional test
procedures;

Assisting in resolution of deficiencies;
Reviewing O&M manuals;
Assembling systems manual; and

Developing commissioning report.
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Commissioning Process

Thislist provides a brief overview of typical commissioning tasks and the general

order in which they will occur.

Project kickoff meeting.

Ongoing throughout — project meetings to cover project observation,
coordination, and planning/scheduling issues.

Design review.

Review equipment submittals, including startup procedures.

Periodic site walkthroughs and documentation during construction.

Development of any additional startup procedures/requirements.

Development of appropriate test procedures.

Execution of test procedures.

Correction of deficient items and re-testing if required.

Submission of O&M manuals.

O&M training.

Submission of final commissioning report.

Commissioning Schedule

This section outlines a schedule for commissioning activities, based on the estimated
schedule for the entire project. Every attempt will be made to minimize conflictsin

scheduling as the project progresses.

Task Start/Finish

Design review 5/1/02 to 8/30/02
Commissioning plan 6/1/02 to 6/30/02
Commissioning meetings Ongoing

Submittal review 10/15/02 to 11/15/02
Construction site visits Ongoing

Develop testing procedures 11/1/02 to 2/15/03
Witness equipment startup 6/1/03 to 7/31/03
TAB work 7/1/03 to 9/15/03
Perform test procedures 9/1/03 to 10/15/03
O&M staff training 10/1/03 to 10/31/03
Punchlist completion 10/31/03

Final commissioning report 12/31/03
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Start-up and Pre-Verification Procedures

General

The commissioning authority will prepare pre-verification checklists. These checklists
are meant to enhance, not replace, the checklists already used by the contractors
and vendors in the start-up of their equipment. The purpose of these predominantly
static checklists is to show that the equipment and systems are ready both for TAB
procedures and for the subsequent verification testing that will occur later. The
checklist will include items such as nameplate data, maintenance access,
instrumentation in place, etc. Simple operational checks such as proper rotation,
pressure readings, and voltage and amp readings will be part of the pre-verification
procedures. The commissioning process requires that the contractors and vendors
document start-up procedures. The commissioning authority may choose not to
witness all start-up and pre-verification test procedures. Instead, the commissioning
authority may provide necessary checklists to the contractor and have the completed
materials returned when work is finished.

Execution

Equipment start-up and initial checkout will be directed and executed by the
contractor and/or vendor, and may be witnessed by the commissioning authority.
The individual performing the line-item task will check off items on the pre-verification
and manufacturer start-up sheets as the items are completed. Only individuals
having direct knowledge of a line item being completed should fill out the forms. On
some equipment, there will be items that are the responsibility of more than one
trade. In this case a representative from the appropriate trade shall sign off on the
checklist for those items under their scope. Also, for some equipment or systems,
each trade may have their own checklist. It is the responsibility of the commissioning
authority to consolidate these checklists.

Deficiencies

Outstanding items or deficiencies will be noted on the checklist or a separate sheet if
necessary. The commissioning authority will coordinate resolution with the project
team. The installing contractors or equipment vendors will be responsible for
correcting all areas that are incomplete or deficient.

TAB

The test and balance contractor will submit, prior to starting their site work, a
preliminary report and agenda. This will include a summary of any apparent
problems in the systems that might preclude proper TAB work, a listing of procedures
to be performed, selection points for any sound readings, and instrumentation to be
used.

Controls

The controls contractor will develop and submit a written step-by-step plan to the
commissioning authority describing the process they intend to follow in checking out
the control system and the forms on which they will document this process. The
commissioning authority may provide additional checklists as appropriate, based on
review of the control contractor’s plan.
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Verification Procedures

General

Verification testing can be viewed as “dynamic” testing to verify that the equipment
and systems perform correctly under various conditions such as start-up, shutdown,
full and part load, and alarm conditions. In general, the verification testing will
proceed from component level to system level to intersystem level. For example,
testing will proceed from pumps, chiller, and tower; to chilled and condenser water
systems individually; to the chilled water plant as a whole. The commissioning
authority will develop the functional test procedures and checklists, and will
coordinate, oversee, and document the testing. The actual testing will be performed
by the installing contractors and equipment vendors. Below is a brief outline of the
scope of functional testing. Detailed procedures/checklists will be developed and
executed as the project progresses, and will be included in the final commissioning
report.

Execution

Verification testing will be performed using two primary strategies. The first, manual
testing, will involve observation and documentation of the performance during actual
operating conditions, along with manipulation of the equipment to observe and
document operation during other than normal conditions. (An example of this would
be shutting off power to a pump to ensure startup of a standby pump.) In the second
strategy, operation and performance will be monitored over a longer time using the
control system’s trend log capabilities, or using stand-alone data loggers, or using a
combination of the two. (For example, operation of the chilled water reset schedule
will be tested by logging outside air temperature versus chilled water discharge
temperature.) The control system installation must be complete and thoroughly
tested before it is used for performance verification of other equipment and systems.
Testing and balancing work must also be completed before functional testing begins
on any equipment.

Scheduling of verification testing work will be coordinated through the general
contractor and integrated into the construction process. A sampling strategy may be
used for multiple identical pieces of equipment. A certain percentage of these items
will be checked for proper setup and operation. Failure of more than 10% of those
checked items will be defined asfailure of all those items.

Deficiencies

Some non-conforming items identified during verification testing may be corrected
during the testing. This will be documented as part of the testing. Other deficiencies
will be documented, tracked, resolved and re-tested. The commissioning authority
will coordinate this. Some items may need to be resolved by the design professional.

Operator Training

The commissioning authority will coordinate the training process. The commissioning
authority will interview the operating staff to determine where best to focus the
training sessions to meet the staff's needs. Contractors and manufacturer’s
representatives will be required to submit a proposed training agenda for review and
approval by the commissioning authority. Training sessions will be conducted both in
a classroom setting for the “basic” material and on-site for “hands-on” experience
with the equipment. Training sessions will be videotaped for future training purposes.
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Division 01

Part 1 - General

1.01 Description

A. The purpose of the commissioning processisto provide the Owner/operator
of the facility with ahigh level of assurance that the mechanical and
electrical systems have been installed in the prescribed manner, meet the
design intent, and operate within the performance guidelines. The
Commissioning Authority shall provide the Owner with an unbiased,
objective view of the system’ sinstallation, operation, and performance. This
process does not take away or reduce the responsibility of the system
designers or installing contractors to provide a finished product.
Commissioning is intended to enhance the quality of system start-up and aid
in the orderly transfer of systemsto beneficial use by the Owner.

1.02 Scope

A. The functions and responsibility of the Commissioning Authority shall
include:
1 Responsibility: The primary point of responsibility isto inform the

Genera Contractor (Construction Manager) and the Owner on the
status, integration, and performance of systems within the facility.

2. Information: The Commissioning Authority shall function asa
catalyst and initiator to disseminate information and assist the design
and construction teams in the completion of the construction process.
This shall include system completeness, performance, and adequacy
to meet the intended performance standards of each system. Services
include observing construction, spot testing, verification and
functional performance testing, and providing performance and
operating information to the responsible parties, i.e., contractors,
design professionals, and the Owner.

3. Quality assurance: The Commissioning Authority shall assist the
responsible parties in maintaining a high quality of installation and
system performance.

4, Observation of tests: The commissioning Authority shall observe and
coordinate testing as required to ensure system performance meets
the design intent.

5. Documentation of tests: The commissioning Authority shall
document the results of the verification and performance testing
directly and/or ensure that the appropriate technicians document all
testing. The Commissioning Authority shall provide standard forms
to be used by all parties for consistency of approach and type of
information to be recorded.

6. Resolution of disputes: The Commissioning Authority isto remain
an independent party present on the project with specific knowledge
of the project. Should disputes arise, the Commissioning Authority
shall perform research to determine the scope and extent of the
problem and educate the involved parties as to the nature and extent
of the problem. This shall include technical and financial aspects of
the dispute, including assistance in help identifying who the
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1.03

1.04

responsible parties are to implement corrective action. The Owner
shall preside over resolution of the problem.

7. Deficiencies: The Commissioning Authority shall provide technical
expertise to oversee and verify the correction of deficiencies found
during the commissioning process.

8. Acceptance: The Commissioning Authority shall determine and
advise the Construction Manager and Owner of the date of
acceptance for each component and system for start of the warranty
period.

9. Operations and Maintenance (O& M) manuals: The Commissioning
Authority shall provide technical expertise to review and edit the
system’ s operating and maintenance manuals

10. Training: The Commissioning Authority shall schedule and
coordinate training sessions for the Owner’ s operations and
maintenance staff for each system.

The Commissioning Authority isreferred to as an independent contractor in
this Division and shall work under a separate contract directly for the Owner.

The Commissioning Authority shall not be financially associated with any of
the Division 2 through 16 contractors on this project to avoid conflicts of
interest.

Systems To Be Commissioned

The following pieces of equipment and systems shall go through
commissioning:

Chilled water system

Condenser water system

Hydronic distribution systems

Variable frequency drives

Motor control centers

DDC/EMCS control systems, hardware, software, and documentation
Coordination

The Construction Manager shall be responsible for furnishing a copy of all
construction documents, addenda, change orders, and appropriate approved
submittals and shop drawings to the Commissioning Authority.

The Commissioning Authority shall coordinate directly with each contractor
on the project specific to their responsibilities and contractual obligations. If
the contractor is a subcontractor to another contractor, the Commissioning
Authority shall disseminate written information to all responsible parties
relative to the nature and extent of the communication.

The Commissioning Authority is primarily responsible to the Owner through
the Construction Manager, and as such, shall regularly apprise the
Construction Manager and the Owner of progress, including pending
problems and/or disputes, and shall provide regular status reports on progress
with each system. Any potential change in the contractual and/or financial
obligations of the Owner (credits, change orders, schedule changes, etc.)

shall beidentified and quantified as soon as possible.
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1.05 Schedule

A. Commissioning of systems shall proceed per the criteria established in the
specific sections that follow, with activities to be performed on atimely
basis. The Commissioning Authority shall be available to respond promptly
to avoid construction delays.

B. Start-up and testing of systems may proceed prior to final completion of
systems to expedite progress. However, the Commissioning Authority shall
not perform testing and checkout services that are the primary responsibility
of the contractor or vendor in advance of their testing and checkout.

C. Problems observed shall be addressed immediately, responsible parties
notified, and actions to correct deficiencies coordinated in atimely manner.

D. Contractor schedules and scheduling is the responsihility of the Construction
Manager. The Commissioning Authority shall provide commissioning
scheduling information to the Construction Manager for review and planning

activities.
1.06 Related Work Specified Elsewhere
A. Commissioning requires support from the contractors. The commissioning

process does not relieve any contractors from their obligations to complete
all portions of work in a satisfactory manner.

B. Refer to Sections 15995 and 16970 for Division 15 and 16 contractor
responsibilities relative to the commissioning process.

Part 2 - Products

201 Test Equipment

A. All industry-standard test equipment required for performing the specified
tests shall be provided by the Commissioning Authority. Any proprietary
vendor-specific test equipment shall be provided by that vendor or
manufacturer.

B. Any portable or hand-held setup or calibration devices required to initialize
the control system shall be made available by the control vendor (at no cost)
to the Commissioning Authority.

C. The Commissioning Authority’ s instrumentation shall meet the following
standards:

1. Be of sufficient quality and accuracy to test and/or measure system
performance within the tolerances required.

2. Be calibrated at the manufacturer’'s recommended intervals with
calibration tags permanently affixed to the instrument

3. Be maintained in good repair and operating condition throughout the
duration of use on this project.

4. Be immediately re-calibrated or repaired if dropped and/or damaged
in any way during use on this project.
Part 3 - Execution

3.01 Commissioning Plan and Schedule

A. The Commissioning Authority shall develop and submit a schedule for the
commissioning process that is integrated with the construction schedule.
Included shall be the required work by all team members (Commissioning
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Authority, design team, contractors, and the Owner). This schedule shall
include time for test and balance, verification, and functional performance
testing.

3.02 Construction Observation

A. Thisisan additional and separate activity from that provided by the design
team. Construction observation is required as part of the commissioning and
coordination process to be provided by the Commissioning Authority.

3.03 Test And Balance

A. Air and water balance and equipment performance verification shall be
accomplished by an independent test and balance firm. The Commissioning
Authority shall spot check thiswork to verify accuracy of results.

3.04 Verification and Functional Performance Test Procedures

A. Personnel experienced in the technical aspects of each system to be
commissioned shall develop and document the commissioning procedure to
be used. Procedures shall include a performance checklist and performance
test data sheets for each system based on actual system configuration. These
procedures shall be reviewed by the appropriate design engineers for
technical depth, clarity of documentation and completeness. Special
emphasis shall be placed on testing procedures that shall conclusively
determine actual system performance and compliance with the design intent.

B. The majority of mechanical equipment requires safety devices to stop and/or
prevent equipment operation unless minimum safety standards or conditions
are met. These may include adequate oil pressure, proof-of-flow, non-
freezing conditions, maximum static pressure, maximum head pressure, etc.
The Commissioning Authority shall observe the actual performance of safety
shutoffsin area or closely simulated condition of failure.

C. Systems may include safety devices and components that control avariety of
equipment operating as asystem. Interlocks may be hard-wired or operate
from software. The Commissioning Authority shall verify operation of these
interlocks.

D. The Commissioning Authority shall determine the acceptance procedures for
each system within Divisions 15 disciplines. The acceptance procedures
shall incorporate the commissioning standards and successful testing results
asreferred to throughout Division 15 and 16 specifications.

In particular, the temperature control system shall have all I/O points
individually verified for proper function, calibration, and operation. The
Commissioning Authority shall review proposed testing procedures and
report formats, and observe sufficient field testing to confirm that all I/O
points have been properly tested.

All control sequences of operation strategies, alarm generation and reporting
shall also be reviewed and proper operation verified by the Commissioning
Authority.

The central work station graphics, point assignments, alarm messages, and
logging functions shall be verified.

E. The appropriate contractor and vendor(s) shall be informed of what tests are
to be performed and the expected results. Whereas some test results and
interpretations may not become evident until the actual tests are performed,
all parties shall have a reasonable understanding of the requirements. The
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commissioning plan shall address those requirements and be distributed to all
partiesinvolved with that particular system.

F. Acceptance procedures shall confirm the performance of systemsto the
extent of the design intent. When a system is accepted, the Owner shall be
assured that the system is complete, works as intended, is correctly
documented, and operator training has been performed.

3.05 Software Documentation Review

A. The Commissioning Authority shall review detailed software documentation
for al DDC control systems. Thisincludes review of vendor documentation,
their programming approach, and the specific software routines applied to
this project. Discrepancies in programming approaches and/or sequences
shall be reported and coordinated in order to provide the Owner with the
most appropriate, simple, and straightforward approach to software routines.

3.06 Operating and Maintenance (O& M) Manuals

A. The Commissioning Authority shall review the draft form of the O&M
manuals provided by the Division 15 contractor. The review process shall
verify that O& M instructions meet specifications and are included for all
equipment furnished by the contractor, and that the instructions and wiring
diagrams are specific (edited where necessary) to the actual equipment
provide for this project.

Published literature shall be specifically oriented to the provided equipment
and shall indicate required operation and maintenance procedures, parts lists,
assembly/disassembly diagrams, and related information.

The contractor shall incorporate the standard technical literature into system-
specific formats for thisfacility as designed and as actually installed. The
resulting O&M information shall be system specific, concise, to the point,
and tailored specifically to thisfacility. The Commissioning Authority shall
review and edit these documents as necessary for final corrections by the
contractor.

B. The O&M manual shall be reviewed, edited and finalized prior to Owner
training sessions, as these documents are to be utilized in the training
Sessions.

3.07 Training

The Commissioning Authority shall schedule and coordinate training
sessions for the Owner’ s staff for each system. Training sessions shall bein
both a classroom setting with the appropriate schematics, handouts, and
audio/visua training aids, and on-site with the installed equipment. The
training sessions shall be videotaped for future training needs.

A. The Commissioning Authority shall host each training session with program
overview and curriculum guidance.

B. The appropriate installing contractors shall provide training on al the major
systems per specifications, including peculiarities specific to this project.

C. The equipment vendors shall provide training on the specifics of each major
equipment item including philosophy, troubleshooting, and repair techniques.

D. The automatic control and fire alarm vendors shall provide training on the

control system and fire alarm system per their specification section.
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3.08

3.09

Record Drawings

The Commissioning Authority shall review the as-built contract documents
to verify incorporation of both design changes and as-built construction
details. Discrepancies noted shall be corrected by the appropriate party.

Exclusions

Responsihility for construction means and methods: The Commissioning
Authority is not responsible for construction means, methods, job safety, or
any construction management functions on the job site.

Hands-on work by the Commissioning Authority: The contractors shall
provide all services requiring tools or the use of toolsto start-up, test, adjust,
or otherwise bring equipment and systems into afully operational state. The
Commissioning Authority shall coordinate and observe these procedures
(and may make minor adjustments), but shall not perform construction or
technician services other than verification of testing, adjusting, balancing,
and control functions.
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Division 15

Part 1 - General
1.01 Definition

A. The purpose of this section isto specify the Division 15 responsibilities and
participation in the commissioning process.
B. Work under this contract shall conform to requirements of Division 1,

Genera Requirements, Conditions of the Contract, and Supplementary
Conditions. This specification covers commissioning of mechanical systems
which are part of this project.

C. Commissioning work shall be ateam effort to ensure that all mechanical
equipment and systems have been completely and properly installed,
function together correctly to meet the design intent, and document system
performance parameters for fine tuning of control sequences and operational
procedures. Commissioning shall coordinate system documentation,
equipment start-up, control system calibration, testing and balancing, and
verification and performance testing.

D. The commissioning team shall be made up of representatives from the
owner, design professional's, major equipment suppliers, and construction
trades. The trades represented on the commissioning team shall include, but
not be limited to, piping and fitting, controls, test and balance, and electrical.
The lead person for each trade who will actually perform or supervise the
work isto be designated as the representative to the commissioning team.
Responsibility for various steps of the commissioning process shall be
divided among the members of the commissioning team, as described in this
section.

E. The Commissioning Authority shall have responsibility for coordinating and
directing each step of the commissioning process.

F. Mechanical system installation, start-up, testing, balancing, preparation of
0O&M manuals, and operator training are the responsibility of the Division 15
Contractors, with coordination, observation, verification and commissioning
the responsibility of Division 1, Section 01650. The 01650 commissioning
process does not relieve Division 15 from the obligations to complete all
portions of work in a satisfactory and fully operational manner.

1.02  Scopeof Work
A. Commissioning work of Division 15 shall include, but not be limited to:

Testing and start-up of the equipment.
Testing, adjusting and balancing of hydronic and air systems.
Cooperation with the Commissioning Authority.

Providing qualified personnel for participation in commissioning tests,
including any seasonal testing required after the initial testing.

Providing equipment, materials, and labor as necessary to correct
construction and/or equipment deficiencies found during the commissioning
process.

Providing operation and maintenance manuals, and as-built drawings to the
Commissioning Authority for verification.
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1.03

Providing training and demonstrations for the systems specified in this
Division.

The work included in the commissioning process involves a complete and
thorough evaluation of the operation and performance of all components,
systems, and sub-systems. The following equipment and systems shall be
evaluated:

1 Chilled water system

Condenser water system

Hydronic distribution systems

Variable frequency drives

DDC/EMCS control systems

Timely and accurate documentation is essential for the commissioning
process to be effective. Documentation required as part of the
commissioning process shall include but not be limited to:

1 Progress and status reports, including deficiencies noted.

Minutes from all meetings.

Pre-start, and start-up procedures.

Training agenda and materials.

As-built records.

Piping pressure test report.

Operation and maintenance (O& M) manuals.

Detalled testing shall be performed on al installed equipment and systems to
ensure that operation and performance conform to contract documents. All

tests shall be directed by the Commissioning Authority. The following
testing isrequired as part of the commissioning process:

1 Verification tests are comprised of afull range of checks and tests to
determine that all components, equipment, systems, and interfaces
between systems operate in accordance with contract documents.
Thisincludes al operating modes, interlocks, control responses, and
specific responses to abnormal or emergency conditions.

2. Functional performance tests (FPT) shall determineif the chilled
water system is providing the required cooling servicesin
accordance with the finalized design intent. These tests shall also
determine the installed capacity of the cooling plant, and the
individual heat transfer components.

Comprehensive training of O&M personnel shall be performed by the
Mechanical Contractor, and where appropriate, by other sub-contractors, and
vendors prior to turnover of building to the owner. The training shall include
classroom instruction, along with hands-on instruction on the installed
equipment and systems. The training sessions shall be videotaped for future
reference.

Roles and Responsibilities

(S S A A

N g~ ODN

All parties involved in the construction process shall be involved in the commissioning
process. Following is a description of the responsibilities of each party:
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A. Owner
1 Assign maintenance personnel and schedule them to participatein
meetings, training sessions and inspections as follows:
a Construction Phase coordination meeting.
b. Initial Owner training session at initial placement of major
equipment.
C. Maintenance orientation and inspection.
d. Piping test and flushing verification.
e Procedures meeting for Testing, Adjusting and Balancing.
f. Owner training session.
0. Verification demonstrations.
2. Provide qualified personnel for videotaping and editing of training
Sessions.
3. Videotape construction progress, hidden shafts, etc. (optional).
4, Provide any utilities required for the commissioning process.
B. Commissioning Authority
1 Devel op the commissioning requirements and all related testing,
verification and quality control procedures.
2. Prepare the mechanical commissioning program required as part of

the Commissioning Specification. Include list of all contractors for
commissioning events by name, firm and trade specialty.

3. Execute the mechanical commissioning program, through
organization of al meetings, tests, demonstrations, training events
and performance verifications described in the Contract Documents
and approved mechanical commissioning program. Organizational
responsibilities include preparation of agendas, attendance lists,
arrangements for facilities and timely notification to participants for
each commissioning event. The Commissioning Authority shall act
as chairman at all commissioning events and assure execution of all
agendaitems. The Commissioning Authority shall prepare minutes
of every commissioning meeting and send copies to all attendees and
the Owner.

4, Review the project plans and specifications with respect to their
completenessin all areas relating to the mechanical commissioning
program. Thisincludes ensuring that appropriate commissioning
guidelines have been followed, and that there are adequate devices
included in the design to ensure the ability to properly test, adjust,
and balance the systems, and to document the performance of each
piece of equipment and each system. Any items required but not
shown shall be brought to the attention of the Contractor prior to
submittal of shop drawings.

5. Schedul e the Construction Phase coordination meeting within 90
days of the award of the contract, at some convenient location and at
atime suitable to the Contractor and Design Professional. This
meeting shall be for the purpose of reviewing the complete
mechanical commissioning program and establishing tentative
schedules for mechanical system orientation and inspections, O&M
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submittals, training sessions, system flushing and testing, job
completion, test, adjust and balance (TAB) work, and verification
and functional performance testing.

6. Conduct periodic inspections of work in progress to ensure that all
systems and equipment are installed according to specifications.
7. Receive and review the Operation and Maintenance (O& M) manuals

as submitted by the contractor, ensuring that they follow the
specified outline and format. Insert systems description as provided
by the Design Professional.

8. Adequate accessibility for maintenance and component replacement
or repair isthe Construction Manager's responsibility and shall be
checked by the Commissioning Authority.

9. Witness equipment and system start-up and testing. Ensure the
results are documented (including a summary of deficiencies), and
incorporated in the O& M manuals.

10. Prior to initiating the TAB work, the Commissioning Authority shall
meet with the Owner, mechanical Contractor, Design Professional
and TAB Contractor. The TAB Contractor shall outline TAB
procedures and get concurrence from the Design Professional and
Commissioning Authority.

11. Schedule the O&M training sessions. The format shall follow the
outline in the O&M manuals. This mechanical system training
should include hands on training.

12. Submit detailed verification test procedures and data sheets for
review by the Design Professional.

13. Submit detailed functional performance test procedures for review
and acceptance by the Design Professional.

14. Upon receipt of notification from the Construction Manager that the
mechanical systems have been completed and are operational, the
Commissioning Authority shall proceed to verify the TAB report and
performance of the control systemsin accordance with the
Commissioning Specification. The Commissioning Authority shall
certify that the mechanical systems are ready for verification testing,
and functional performance testing.

15. Conduct verification tests.

16. Submit verification test data to the Design Professional for review
and acceptance.

17. Provide detailed checklist data sheets to document verification tests.

18. Provide and install calibrated test instrumentation to monitor and
record data as necessary.

19. Conduct functional performance tests. The test data shall be part of
the commissioning report.

20. Submit functional performance test report for review to the Design
Professional.
21. Re-test if performance deficiencies are found, corrected, and

additional testing is requested.
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22, Review as-built drawings for accuracy with respect to the installed
systems. Request revisions to achieve accuracy.

23. Ensure that the O& M manuals, and all other as-built records have
been updated to include all maodifications made during the
construction phase.

24, Prepare the final commissioning report.
C. Architect
1 Provide support to the Design Professional who must provide a

service as a part of the commissioning process. This shall include
providing adequate space for equipment installation and

mai ntenance.

2. Include Section 01650 regarding commissioning in Division 1 -
Genera Requirements alerting all parties to the need to participate.

3. Conduct periodic inspections of work in progress to ensure that all
systems and equipment are installed according to specifications.

D. M echanical Design Professional

1 Provide documentation of initial design concepts, and Design Intent.

2. Provide mechanical system design parameters and obtain approval of
Owner.

3. Prepare contract documents incorporating the Commissioning
Specification requirements, and description of the mechanical
system.

4, The Design Professional shall specify and verify adequate
mai ntenance accessibility for each piece of equipment in shop
drawings and the actual installation. Periodic inspections are part of
the Design Professional’'s normal construction administration duties.

5. The Design Professional retains responsibility for the system
evaluation, adequacy of the system to meet design intent, capacity of
the system, quality control check or any of the other elements of the
system design.

6. Attend the Owner training sessions. Conduct the mechanical
training session pertaining to the overview of the system design, the
system design goals and the reasoning behind the selection of

equipment.

7. Participate in O&M personnel orientation and inspection at the final
construction stage.

8. Attend initial meeting with TAB representative as scheduled by
Commissioning Authority.

9. Review verification and functional performance testing procedures

submitted by the Commissioning Authority.

10. Review TAB report and verification data sheets for system
conformance to contract documents. Issue areport noting
deficiencies requiring correction to the Commissioning Authority.

11. Review functional performance testing report for deficienciesin
meeting the finalized design intent.
12. Review as-built records as required by contract documents.
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13. Review and comment on the final commissioning report.

E. Construction Manager
1 Include cost for commissioning requirements in the contract price.
2. Include commissioning requirements in the mechanical, electrical,

and controls contracts, as well as al other sub-contractors, to ensure
full cooperation of all partiesin the mechanical commissioning
program.

3. Ensure acceptabl e representation, with the means and authority to
prepare and coordinate execution of the mechanical commissioning
program as described in the contract documents.

4, Remedy deficienciesidentified in verification tests.

5. Evaluate any performance deficiencies identified in the FPT report
for non-conformance with contract documents.

F. M echanical Contractor

1 Include cost to complete commissioning requirements for
mechanical systemsin the contract price.

2. Include regquirements for submittal data, O & M data, and training in
each purchase order or sub-contract written.

3. Ensure cooperation and participation of specialty sub-contractors
such as sheet metal, piping, refrigeration, water treatment, and TAB.

4, Ensure participation of major equipment manufacturersin
appropriate training and testing activities.

5. Attend coordination meetings scheduled by the Commissioning
Authority.

6. Assist the Commissioning Authority in all verification and functional
performance tests.

7. Prepare preliminary schedule for mechanical system orientation and

inspections, O&M manual submission, training sessions, pipe and
duct system testing, flushing and cleaning, equipment start-up, TAB,
and task completion for use by the Commissioning Authority.
Update schedule as appropriate throughout the construction period.

8. Conduct mechanical system orientation and inspection at the
equipment placement completion stage.
9. Update drawings to the record condition to date, and review with the

Commissioning Authority.
10. Gather O& M data on all equipment, and assemble in binders as

regquired by the Commissioning Specification. Submit to
Commissioning Authority prior to the completion of construction.

11. Notify the Commissioning Authority a minimum of two weeksin
advance, so that witnessing equipment and system start-up and
testing can begin.

12. Notify the Commissioning Authority a minimum of two weeksin
advance, of the time for start of the TAB work. Attend the initial
TAB meeting for review of the TAB procedures.

13. Participate in, and schedule vendors and Contractors to participatein
the training sessions as set up by the Commissioning Authority.

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide G-vii



Appendix H
|

14. Provide written notification to the Construction Manager and
Commissioning Authority that the work has been completed in
accordance with the contract documents, and that the equipment,
systems, and sub-systems are functioning as required.

15. Provide a complete set of as-built records to the Commissioning

Authority.
G. Test, Adjust, and Balance Contractor

1 Include cost for commissioning requirements in the contract price.

2. Attend commissioning coordination meetings scheduled by the
Commissioning Authority.

3. Submit the TAB procedures to the Commissioning Authority and
Design Professional for review and acceptance.

4, Attend the TAB review meeting scheduled by the Commissioning

Authority. Be prepared to discuss the procedures that shall be
followed in testing, adjusting and balancing the HVAC system.

5. Participate in training sessions as scheduled by the Commissioning
Authority.

6. At the completion of the TAB work, and submittal of fina TAB
report, notify the mechanical Contractor and Construction Manager.

7. Participate in verification of the TAB report, which will consist of
repeating any selected measurement contained in the TAB report
where required by the Commissioning Authority for verification or
diagnostic purposes.

H. Automatic Controls and Building Automation System Contractors
1 Include cost for commissioning requirements in the contract price.
2. Review design for controllability with respect to selected
manufacturers equipment;

a Verify proper hardware specification exists for functional
performance required by specification and sequence of
operation.

Verify proper safeties and interlocks are included in design.

C. Verify proper sizing of control valves and actuators based on

design pressure drops. Verify control valve authority to
control coil properly.

d. Verify proper sizing of control dampers. Verify damper
authority to control air stream. Verify proper damper
positioning for mixing to prevent stratification. Verify
actuator vs. damper sections for smooth operation.

e Verify proper selection of sensor ranges.
f. Clarify al questions of operation.
3. Attend initial commissioning coordination meeting scheduled by the
Commissioning Authority.
4, Provide the following submittal s to the Commissioning Authority;
a Hardware and software submittals.
b. Control panel construction shop drawings.
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C. Narrative description of each control sequence for each piece
of equipment controlled.
d. Diagrams showing all control points, sensor locations, point

names, actuators, controllers and, where necessary, points of
access, superimposed on diagrams of the physical

equipment.
e Logic diagrams showing the logic flow of the system.
f. A list of all control points, including analog inputs, analog

outputs, digital inputs, and digital outputs. Include the
values of all parameters for each system point. Provide a
separate list for each stand-alone control unit.

0. A complete control language program listing including all
software routines employed in operating the control system.
Also provide a program write-up, organized in the same
manner as the control software. This narrative shall describe
the logic flow of the software and the functions of each
routine and sub-routine. 1t should also explain individual
math or logic operations that are not clear from reading the
software listing.

h. Hardware operation and maintenance manuals.
i. Application software and project applications code manuals.

5. Verify proper installation and performance of controls/ BAS
hardware and software provided by others.

6. Integrate installation and programming schedule with construction
and commissioning schedules.

7. Provide thorough training to operating personnel on hardware
operations and programming, and the application program for the
system.

8. Demonstrate system performance to Commissioning Authority.

9. Provide control system technician for use during system verification

and functional performance testing.
10. Provide system modifications as required.
I Equipment Suppliersand Miscellaneous Contractors

1 Include cost for commissioning requirements in the contract price.
2. Provide submittals, and appropriate O& M manual section(s).
3. Participate in training sessions as scheduled by the Commissioning
Authority.
4, Demonstrate performance of equipment as applicable.
1.04 Documentation
A. The Commissioning Authority shall oversee and maintain the development

of commissioning documentation. The commissioning documentation shall
be kept in three ring binders, and organized by system and sub-system when
practical. All pages shall be numbered, and atable of contents page(s) shall
be provided. The commissioning documentation shall include, but not be
limited to, the following:

1 The final commissioning plan.
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2. A detailed description of the design intent for the project, listing
operating parameters, control sequences, occupancy conditions, etc.

3. Approved test and balance report for the building being
commissioned.

4, Minutes from all commissioning meetings.

5. All pre-functiona performance test checklists, signed by indicated
personnel, organized by system and sub-system.

6. All verification and functiona performance test checklists/resuilts,

signed by indicated personnel, organized by system and sub-system.
Part 2 - Products

201 Test Equipment

A. The Commissioning Authority shall furnish test equipment required during the
commissioning process that is not part of the mechanical control system. The
owner shall furnish necessary utilities for the commissioning process.

B. Test equipment, accuracy. All instruments must be calibrated prior to tests.
Voltmeter, + 1% scale.
Ammeter, + 1% scale.

Ohmmeter, + 0.1% scale for calibrating +0.4°F resistance temperature
sensors, + 0.25% scale for calibrating +1°F temperature sensors, = 1% scale
for measuring motor current.

Ultrasonic time-of-travel strap-on flow sensor, + 5% of reading.
Other flow sensors, + 2% of reading.

Water pressure gauge, £1/2% scale, ASME Grade 2A

Watt meter, £1/2% scale, 3 phase split core CTs

Refrigerant pressure gauge, as supplied by chiller manufacturer.

Temperature, £ 0.2°F.
2.02 Test Equipment - Proprietary

A. Proprietary test equipment and software required by any equipment
manufacturer for programming and/or start-up, whether specified or not,
shall be provided by the manufacturer of the equipment. Manufacturer shall
provide the test equipment, demonstrate its use, and assist in the
commissioning process as needed. Proprietary test equipment (and software)
shall become the property of the owner upon completion of the
COmmIssioning process.

Part 3 - Execution

3.01 General

A. A pre-construction meeting of all commissioning team members shall be
held at atime and place designated by the owner. The purpose shall be to
familiarize all parties with the commissioning process, and to ensure that the
responsibilities of each party are clearly understood.

B. The Contractor shall complete al phases of work so the systems can be
started, tested, balanced, and commissioning procedures undertaken. This
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includes the complete installation of all equipment, materials, pipe, duct,
wire, insulation, controls, etc., per the contract documents and related
directives, clarifications, and change orders.

C. A commissioning plan shall be developed by the Commissioning Authority.
The Contractor shall assist the Commissioning Authority in preparing the
commissioning plan by providing al necessary information pertaining to the
actual equipment and installation. If Contractor-initiated system changes
have been made that alter the commissioning process, the Commissioning
Authority shall notify the Owner.

D. Commissioning is normally intended to begin prior to completion of a system
and/or sub-systems, and shall be coordinated with the Division 15 contractor.
Start of commissioning before system completion does not relieve the
contractor from completing those systems as per the schedule.

3.02 Participation in Commissioning

A. The Contractor shall provide skilled technicians to start-up and debug all
systems within Division 15. These same technicians shall be made available
to assist the Commissioning Authority in completing the commissioning
program. Work schedules, time required for testing, etc., shall be requested
by the Commissioning Authority and coordinated by the contractor.
Contractor shall ensure that the qualified technician(s) are available and
present during the agreed upon schedules and of sufficient duration to
complete the necessary tests, adjustments, and/or problem resolutions.

B. System performance problems and discrepancies may require additional
technician time, Commissioning Authority time, reconstruction of systems,
and/or replacement of system components. The additional technician time
shall be made available for subsequent commissioning periods until the
reguired system performance is obtained.

C. The Commissioning Authority reserves the right to question the
appropriateness and qualifications of the technicians relative to each item of
equipment, system, and/or sub-system. Qualifications of technicians shall
include expert knowledge relative to the specific equipment involved and a
willingness to work with the Commissioning Authority. Contractor shall
provide adequate documentation and tools to start-up and test the equipment,
system, and/or sub-system.

3.03 Deficiency Resolution

A. In some systems, misadjustments, misapplied equipment, and/or deficient
performance under varying loads will result in additional work being
regquired to commission the systems. Thiswork shall be completed under the
direction of the Owner, with input from the contractor, equipment supplier,
and Commissioning Authority. Whereas all members shall have input and
the opportunity to discuss, debate, and work out problems, the Owner and/or
Design Professional shall have final jurisdiction over any additional work
done to achieve performance.

B. Corrective work shall be completed in atimely fashion to permit the
completion of the commissioning process. Experimentation to demonstrate
system performance may be permitted. If the Commissioning Authority
deems the experimentation work to be ineffective or untimely asit relates to
the commissioning process, the Commissioning Authority shall notify the
Owner, indicating the nature of the problem, expected steps to be taken, and
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suggested deadline(s) for completion of activities. If the deadline(s) pass
without resolution of the problem, the Owner reserves the right to obtain
supplementary services and/or equipment to resolve the problem. Costs
incurred to solve the problemsin an expeditious manner shall be the
contractor’ s responsibility.

3.04 Additional Commissioning

A. Additional commissioning activities may be required after system
adjustments, replacements, etc., are completed. The contractor(s), suppliers,
and Commissioning Authority shall include a reasonable reserve to complete
thiswork as part of their contractual obligations.

3.05 Acceptance Procedures
Start-up

A. Prerequisites. The following work shall be completed before start-up
1 Pre-start inspection.

B. Procedure.

The installing contractor shall be responsible for scheduling and executing
start-up. Start-up is best scheduled as soon as possible after substantial
completion of the system or subsystem but before balancing work is initiated.
The start-up schedule shall be submitted to the Commissioning Authority for
review.

Chillers shall be started by manufacturer’'s representatives specifically trained
for this work on the particular chiller type installed, unless otherwise specified
in the Chiller specification section.

Variable speed drives shall be started by manufacturer’s representatives,
unless otherwise specified in the variable speed drive specification section.

The contractor’s start-up technician or designated subcontractor or
manufacturer’s representative shall complete the start-up forms as
equipment is available per the start-up schedule. If there is a discrepancy
between the performance of equipment and that required, the required
corrective action shall be taken by the contractor or his representative. The
start-up technician who completes the form shall sign the form when it has
been completed.

Completed forms shall be submitted to the Commissioning Authority for
review and to demonstrate that the work has been completed.

C. Digital control system start-up:
1 Record all tests and file with other start-up documentation forms.
2. Sensor test and calibration:

All chilled and condenser water temperature sensors shall be tested and
calibrated as required. Factory calibration alone is not sufficient.

For sensors with shielded cable, inspect to be sure each shield is grounded
only at one end.

Follow the procedure below to test and calibrate RTDs, thermistors, and
other variable resistance sensors that are directly connected to the DDC
system without a transmitter:

Disconnect sensing element from loop.
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Check for a failed signal at DDC system. If system shows a failure, proceed
to next step. If not, check for shorts or bad point definition.

Connect decade box or other suitable resistance simulation device in place
of sensor.

Referring to sensor manufacturer’s resistance-temperature data, simulate
minimum and maximum of desired temperature range.

Example: a platinum RTD temperature sensor is 1000 ohms at 70°F with a
desired range of 40°F to 240°F and resistance change of 2.2 ohm/°F. The
resistance at lower end of range 40°F is [1000 + (40-70)*2.2] = 934 ohms. At
240°F, the resistance is [1000 + (240-70)*2.2] = 1374 ohms. This data could
also have been determined from a chart if manufacturer provides one.

Check DDC for proper readings. If readings fail to correspond to simulated
temperatures, adjust DDC calibration constants (e.g. slope and intercept) as
required.

Repeat previous step until readings correspond.

Reconnect sensor. Allow to reach steady state. Measure temperature with
hand-held temperature sensor. Hand-held reading should match DDC
reading within accuracy of sensors. If not, replace sensor with new one.
d) Follow the procedure below to test and calibrate RTDs,
thermistors, and other variable resistance sensors that are
connected to the DDC system through a transmitter:

Disconnect sensing element from loop.

Check for a failed signal at DDC system. If system shows a failure, proceed
to next step. If not, check for shorts or bad point definition.

Connect decade box or other suitable resistance simulation device to the
transmitter in place of sensor.

Connect an ammeter in series with the signal from the transmitter to the DDC
system.

Referring to sensor manufacturer’s resistance-temperature data, simulate
minimum of desired temperature range. Adjust the transmitter zero
potentiometer until 4 mA is read by the ammeter.

Check DDC for proper readings. Adjust DDC calibration constant (e.g. value
at 4 mA) as required to correspond to low end of desired range.

Referring to sensor manufacturer’s resistance-temperature data, simulate
maximum of desired temperature range. Adjust the transmitter span
potentiometer until 20 mA is read by the ammeter.

Check DDC for proper readings. Adjust DDC calibration constant (e.g. value
at 20 mA) as required to correspond to high end of desired range.

Reconnect sensor. Allow to reach steady state. Measure temperature with
hand-held temperature sensor. Hand-held reading should match DDC
reading within accuracy of sensors. If not, replace sensor with new one.

e For sensors used to calculate differential temperature (e.g.
chilled water supply and return for load calculation), place
sensors into a bath of water at atemperature near the
expected operating water temperatures. Verify that readings
areidentical at DDC system. Use hand-held sensor to
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measure bath aswell. If DDC sensors are not equal,
recalibrate the one that is furthest from the hand-held reading
to match the other.

f) DDC pressure sensors shall be calibrated to match reading of
hand-held gauge when pumps are operating and pressures
are within normal operating range.

3. Control valve stroke test

a) During control valve tests, pumps must be placed in normal
operating mode to ensure that valves can perform against
normal back pressure.

b) For each valve:

Command valve closed through DDC system, verify position, and adjust
output zero signal as required.

Command valve open, verify position, and adjust output signal span as
required.

For analog outputs, command output to 25%, 50%, and 75% of range and
observe actual performance. Be sure pumps are running per normal
operation. If actuator position does not reasonably correspond to
commanded position, replace actuator or (for pneumatic valves) add pilot
positioner.

Remove output signal and power source from valve. Observe valve return to
normal position. Record and verify position is as shown on control drawings.

Verification Tests

A. Scope of verification tests

1 Operating tests and checks to verify that all components, equipment,
systems, sub-systems, and interfaces between systems, operate in
accordance with contract documents. These tests are to include al
operating modes, interlocks, specified control responses, specific
responses to abnormal or emergency conditions, and verification of
the proper response of the building automation system controllers

and sensors.
2. Verify the validity of the TAB report.
B. Participantsin verification tests

The Commissioning Authority shall be responsible for preparing the scope of
these tests. The Commissioning Authority shall schedule the tests and
assemble the commissioning team members who shall be responsible for the
tests. Participating contractors, manufacturers, suppliers, etc. shall include
all costs to do the work involved in these testsin their proposals. Following
isalist of tasks and supporting information that shall be required:

1 Mechanical contractor - provide the services of atechnician(s) who
is (are) familiar with the construction and operation of this system.
Provide access to the contract plans, shop drawings, and equipment
cut sheets of al installed equipment.

2. Controls contractor - provide the services of a controls engineer who
isfamiliar with the details of the project. Provide details of the
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control system, schematics, and a narrative description of control
sequences of operation.

3. Electrical contractor - provide aforeman electrician familiar with the
electrical interlocks, interfaces with emergency power supply, and
interfaces with alarm and life-safety systems. Provide accessto the
contract plans, and all as-built schematics of sub-systems, interfaces,
and interlocks.

C. Documentation and Reporting Requirements

1 Provide checklists for each component, piece of equipment, system,
and sub-system, including all interfaces, interlocks, etc. Each itemto
be tested shall have a different entry line with space provided for
comments. Separate checklists shall be prepared for each mode of
operation. Provide space to indicate whether the mode under test
responded as required or not. Also, provide space for all necessary
parties to sign off on each checklist.

2. Data sheets used in verification of the proper operation of the control
system shall include each controller to be verified, the system it
serves, the service it provides, and it's location. For each controller,
provide space for recording the readout of the controller, the reading
at the controller's sensor(s), and any comments. Also, provide space
for al necessary partiesto sign off on each checklist.

3. All test procedures and data sheets shall be submitted to the design
professional for review and acceptance.
D. Instrumentation
1 The Commissioning Authority shall furnish all measurement

instrumentation for the verification tests. All instruments will have
been calibrated within the manufacturer’ s recommended period prior

to these tests.
E. Verification Procedures
1 The Commissioning Authority shall direct and witness the
verification operating tests and checks for all equipment and
systems.

a) Set the system equipment into the operating mode to be
tested, i.e. normal shut down, normal auto position, hormal
manual position, unoccupied cycle, emergency power, and
alarm conditions.

b) The Commissioning Authority shall inspect and verify the
position of each device and interlock identified on the
checklist. Each item shall be signed off as acceptable (yes),
or failed (no).

C) Thistest shall be repeated for each operating cycle that
applies to the mechanical system being tested.

d) Operating checks shall include all safety cutouts, alarms, and
interlocks with smoke control and life safety systems during
all modes of operation of the mechanical system.
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€) If during atest an operating deficiency is observed,
appropriate comments shall be added to the checklist data
sheet.

f) Verification of the proper responses of monitoring and
control system controllers and sensors shall be as follows:

(D) For each controller or
sensor, record the indicated monitoring and control
system reading, and the test instrument reading.

2 If theinitial test indicates
that the test reading is outside of the control range of
the installed device, the calibration of the installed
device shall be checked and adjusted as required.
The deficient device shall be re-tested and the results
recorded on the checklist data sheet.

0) False loading.

(1) In most installations, verification tests are made
just after construction and prior to occupancy.
Weather conditions during the tests will vary
depending on the local climate and time of year.
Therefore, there may not be sufficient load to
test equipment, so false loading may be
required. Means to provide false loading will
vary with system type. Some possible
measures include:

a. Using preheat coils at inlets to air
handlers. This is an ideal location for
false loading since conditions in the
spaces served by the air handlers will
not be affected.

b. Using reheat coils at zones. This may
not always be practical if spaces served
are occupied since overheating is
possible.

C. Opening outdoor air dampers if the
weather is warm during tests.

d. Closing outdoor air dampers if the
weather is cold during tests.

e. Bleeding hot water into the chilled water
system if coil changeover valves are
present. (Care must be used to ensure
that very high chilled water entering
temperatures do not result).

2 To control false loading, temporary control
loops may be added to the DDC system to
modulate hot water valves or other parameter
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Functional Performance Testing

h)

to maintain a given return water temperature or
load.

(3) False loading may not always be practical with
some system types. If so, tests may have to be
postponed until occupancy or until the weather
is warm. It is not recommended that hot and
chilled water piping systems be cross-
connected purely for the purpose of chiller
testing due to the expense and disruption
involved.

The Commissioning Authority shall direct and witness the
field verification of the final TAB report.

D The TAB contractor shall be given sufficient
advance notice of the date of field verification.
However, they shall not be informed in advance of
the data pointsto be verified. The TAB contractor
must use the same instruments (by model and serial
number) that were used when the original datawere
collected.

2 Failure of anitem is defined as:

a For al readings other than sound, a
deviation of more than 10 percent.

b. For sound pressure readings, adeviation of 3
decibels. (Note: variationsin background
noise must be considered).

3 A failure of more than 10 percent of the selected
items shall result in the rgjection of thefinal TAB
report.

If deficiencies are identified during verification, the
construction manager must be notified, and action taken to
remedy the deficiency. The final tabulated checklist data
sheets shall be reviewed by the Design Professional and the
Commissioning Authority, to determine if verification is
complete, and the operating system is functioning in
accordance with the contract documents.

A. Scope of Functional Performance Testing

Functional performance tests shall determine if the chilled water
system is providing the required cooling services in accordance with
the final design intent. They shall also determine theinstalled
capacity of the cooling plant, and heat transfer components.
Following isalist of test examples:

1.

a)

b)

Determine capability of chilled water system to deliver
chilled water at the design supply temperature, and required
rate of flow.

Determine as-installed operating efficiency (kW/ton) of
chillers.
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C) Determine the ability of the HVAC unit to deliver the
cooling and/or heating services to the distribution system, at
the design supply air temperature, required static pressure,
and proper outside air ventilation rate.

B. Submittals

1. Detailed procedures for each series of tests shall be submitted by
the Commissioning Authority for review and acceptance. The
procedures shall include samples of the data sheets that will be part
of the reports.

C. Participants in Functional Performance Tests
1 Participants in the functional performance tests shall be the same as
those listed in the verification tests.
D. Instrumentation
1 In addition to the instrumentation requirements detailed under

verification, the Commissioning Authority may need to provide data
acquisition eguipment to record data for the complete range of

testing.
E. Functional Performance Test Procedures
1 The Commissioning Authority shall supervise and direct all

functional performance tests.

2. Measurements will be required to allow for calculation of total
capacity of the system for each mode of operation under test.

a) Full load performance. Chiller capacity and efficiency at full
load may be tested in the field by simulating loads.
However, due to field conditions that might lead to
variations from design conditions (e.g. variations in flow,
fluctuating loads), costs may be reduced and accuracy
increased by verifying chiller performance in the factory
using afactory-witnessed test in lieu of in-situ testing. (This
must be specified before putting chillers out for bids).

b) Part-load performance. In order to have a benchmark against
which actual chiller performance may be compared,
predicted chiller performance at various part-load conditions
must be obtained. Possible optionsinclude:

(D) APLV. Application part-load value (APLV) isa
system-specific part-load parameter for the chiller
typically generated along with chiller selection and
performance data from the manufacturer. Itis
computed as aweighted average of the chiller's
energy performance at 4 part-load conditions. The 4
individual performance points are provided along
with the other selection data in submittals. These 4
part-load conditions points can be simulated in the
field and used for performance verification.

2 Part-load profile. A large number of data of chiller
performance at part-load and off-design operating
conditions can be collected during testing. This data
can be used to devel op regression equations that can
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estimate chiller performance at a variety of part-load
conditions. Various chiller operating conditions can
be smulated, or the system operation may be simply
observed, and the actual performance compared to
the regression estimates.

3 Minimum load operation. Stability at low load is
important to minimize cycling losses and use of hot-
gas-bypass (if chiller is sofitted). Therefore, atest
at minimal load should be performed to verify the
manufacturer’s claims. The chiller should be able to
operate at the claimed minimum load condition

indefinitely.
F. Documentation and Reporting Requirements
1. All measured data and data sheets, as well as a comprehensive

summary describing the operation of the chilled water system at the
time of testing shall be submitted by the Commissioning Authority.

2. A preliminary functional performance test report shall be prepared
by the Commissioning Authority and submitted to the Design
Professional for review. Any identified deficiencies need to be
evaluated by the Design Professional and Construction Manager to
determine if they are part of the contractor's or sub-contractor's
contractual obligations. Construction deficiencies shall be corrected
by the responsible contractor(s), and the specific functional
performance test repeated.

3.06 Operating and Maintenance Manual:

A. The operating and maintenance manual shall consist of a sturdy binder with
8-1/2" X 11" sheets containing the following major sections:

1 System Descriptions:

a) Each major system shall be described, typewritten, in
general terms, including major components,
interconnections, theory of operation, theory of contrals,
unusual features and major safety precautions. This
information should correlate with information provided in
the manufacturers' instructions book. This section shall
include, but not be limited to, the following data:

1 Detailed description of each system and each of its
components showing piping, valves, controls, and
other components, with diagrams and illustrations

where applicable.
2. Wiring and control diagrams with datato explain
detailed operation and control of each component.
3. Control sequences describing start-up, all modes of

operation, and shut down.
4, Corrected shop drawings.

5. Approved product dataincluding all performance
curves and rating data.
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6. Copies of approved certifications and laboratory test
reports (where applicable).
7. Copies of warranties.

b) System diagrams, described in 3.06 B2 following, shall be
incorporated in the appropriate systems descriptions. These
should be reduced in size or folded to usefully fit into the
manual .

2. Operating Instructions:

a) Condensed, typewritten, suitable for posting, instructions
shall be provided for each major piece of equipment. Where
more than one (1) common unit isinstalled, one instruction
isadequate. The instructions shall provide procedures for:

1 Starting up the equipment/system.

2. Shutting down the equipment/system.

3. Operating the equipment in emergency or unusual
conditions.

4, Safety precautions.

5. Trouble shooting suggestions.

6. Other pertinent data applicable to the operation of

particular systems or equipment.

b) The instructions shall be suitable for posting adjacent to the
equipment concerned.
The Contractor shall provide instructions for:

1 Chillers and peripherals

2. Hydronic distribution systems, including pumps.
3. DDC control systems.
4, Variable frequency drive.
5. Other specialized or uncommon equipment.
3. Ongoing and Preventive Maintenance:
a) Condensed, typewritten procedures for recommended

ongoing and preventive maintenance actions shall be
provided for each category of equipment/system listed in
3.06 A2 above. Thisinformation shall include, but not be
limited to the following:

1 Maintenance and overhaul instructions.

2. L ubricating schedule including type, grade,
temperature, and frequency range.

3. Parts list, including source of supply and
recommended spare parts.

4. Name, address, and 24 hour telephone number of

each subcontractor who installed equipment and
systems, and local representative for each type of
system.

5. Other pertinent data applicable to the maintenance of
particular systems or equipment.
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b) These recommended preventive maintenance actions shall be

categorized by the following recommended frequencies:

1. Weekly

2. Monthly

3. Quarterly
4, Semi-Annual
5. Annual
6. Other

B. Posted Operating Instructions and Diagrams:
1 Operating Instructions:

a) Copies of operating instructions provided in the operating
manual (3.07 A above) shall be posted in the near vicinity of
each piece of applicable equipment. The instructions shall
be mounted neatly in frames under Plexiglas, where they can
be easily read by operating personnel. Instructions mounted
outdoors shall be suitably protected from weather.

2. Posted Systems Diagrams:

a) Simplified one (1) line diagrams of the systems listed shall
be devel oped and transcribed on transparent "D" sized
erasable sepiafilm and posted neatly under Plexiglasin the
main or most appropriate equipment room for easy reference
by operating and maintenance personnel. These drawings
shall be done in a professional manner that is acceptable to
the Maintenance Division staff. The diagrams shall show
each component including all valvesinstalled in the system,
with name and identifying number. |f space does not permit
valve numbers on the diagrams, valve charts shall be
provided. Explanatory notes, where needed, shall be
provided.

1 Chiller controls diagram
2. Hydronic distribution system
3. Other systems as applicable

a) These diagrams shall be suitable for reduction in size and
use in the operating manual system descriptions previously
covered.

3.07 OPERATING AND MAINTENANCE TRAINING:

A. The Mechanical Contractor, and appropriate sub-contractors, shall provide
comprehensive operating and maintenance instruction on building systems
prior to delivery. The instruction shall include classroom instruction
delivered by competent instructors based upon the contents of the operating
manual. Emphasis shall be placed upon overall systems diagrams and
descriptions, and why systems were designed as they were. Thisoverall
systems instruction shall preferably be delivered by the consulting engineers.
The classroom instruction shall also include detailed equipment instruction
by qualified manufacturer representatives for all equipment listed in 2.04 A
for which operating instructions are provided. The manufacturer
representative training shall emphasize operating instructions, and preventive
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mai ntenance as described in the operating manual. At aminimum, the
training sessions shall cover the following items:

1 Types of installed systems

2. Theory of operation
a Design intent
b. Occupied vs. unoccupied or partial occupancy
C. Seasonal modes of operation
d. Emergency conditions and procedures
e Comfort conditions
f. Energy efficiency
o. Other issues important to facility operation.
3. System operations.
4, Use of control system
a Sequence of operation
b. Problem indicators
C. Diagnostics
d. Corrective actions.

5. Service, maintenance, diagnostics and repair.
6.Use of reports and logs.

B. Each classroom training period shall be followed by an inspection,
explanation and demonstration of the system concerned by the instructors.
All equipment listed in 3.07 A shall be started up and shut down, with the
exception of sprinkler systems.

C. The contractor shall be responsible for organizing, arranging, and delivering
thisinstruction in an efficient and effective manner on a schedule agreeable
to the owner.

D. The contractor shall provide, at or before substantial completion, a proposed

agenda and schedul e of the above training for approval by the
Commissioning Authority and the Owner.

G-xxii CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide



Appendix H

H. Verification Test Procedure

CoolToolsO Energy Efficient Chilled Water Plant Design and Performance Guide H-i



Appendix H
|

Verification Test Procedure
Chillers

Chiller Start
With chiller 1 (CH-1) aslead,

Verify that all secondary chilled water pumps are in the normal off mode, then
initiate anormal start command for at least one of these secondary pumps. Then
check the following:

Yes No Notes

Condenser water isolation valve on CH-1
opens

Condenser water pump (CWP-1) starts
Condenser water isolation valve on CT-1
opens

Cooling tower CT-1 fan starts at low speed
Chilled water pump CHP-1 starts

Chiller 1 (CH-1) starts

With chiller 2 (CH-2) as lead,

Verify that al secondary chilled water pumps are in the normal off mode, then
initiate a normal start command for at least one of these secondary pumps. Then
check the following:

Yes No Notes

Condenser water isolation valve on CH-2
opens

Condenser water pump (CWP-2) starts

Condenser water isolation valveson CT-1 &
2 open

Cooling tower (CT-1 & 2) fans start at low
Speed

Chilled water pump (CHP-2) starts

Chiller Normal Stop
With chiller 1 (CH-1) aslead,
Shut off any secondary pumps that are operating, then check the following:

Yes No Notes

Chiller 1 (CH-1) stops

Condenser water pump (CWP-1) runs for two
minutes before shutting down

Chilled water pump (CHP-1) runs for two
minutes before shutting down

Cooling tower (CT-1) fan stops operating
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Condenser water isolation valve on CT-1
closes

Condenser water isolation valve on CH-1
closes

With chiller 2 (CH-2) as lead,
Shut off any secondary pumps that are operating, then check the following:

Yes No Notes

Chiller 2 (CH-2) stops

Condenser water pump (CWP-2) runs for two
minutes before shutting down

Chilled water pump (CHP-2) runs for two
minutes before shutting down

Cooling tower CT- 1 & 2 fans stop operating

Condenser water isolation valveson CT-1 &
2 close

Condenser water isolation valve on CH-2
closes

Chiller Falil
With chiller 1 aslead,

Simulate failure of CH-1 by disconnecting at motor control center, then check the
following:

Yes No Notes

Chiller 1 (CH-1) stops

Chiller 2 (CH-2) starts

Pumps and cooling tower continue operation
With chiller 2 aslead,

Simulate failure of CH-2 by disconnecting at motor control center, then check the
following:

Yes No Notes

Chiller 2 (CH-2) stops
Chiller 1 (CH-1) starts
Pumps and cooling tower continue operation
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With chiller 1 as lead,

Simulate a chilled water setpoint that is 5°F above normal setpoint, then check the
following:

Yes No Notes

After 15 minutes, lead switchesto CH-2
With chiller 2 aslead,

Simulate a chilled water setpoint that is 5°F above normal setpoint, then check the
following:

Yes No Notes

After 15 minutes, lead switchesto CH-1

Lag Chiller Sequencing

With chiller 1 aslead,

Establish these conditions:

At least one secondary pump is operating at 100% speed for 10 minutes, and

CHW reset setpoint temperature isless that 1°F above minimum (at 42°F), or flow
rate measured at

CHW flow meter is above CH-1 maximum flow rate (585 GPM).
Then check the following:

Yes No Notes

Condenser water isolation valve on CH-2
opens

Condenser water pump (CWP-2) starts

Condenser water isolation valve on CT-2
opens

Cooling tower (CT-2) fan starts at low speed
Chilled water pump (CHP-2) starts

Chiller 2 (CH-2) starts

If CHW flow rate falls below the design flow rate of CHP-2, check the following:
Yes No Notes

Chiller 2 (CH-2) stops

Condenser water pump (CWP-2) runsfor two
minutes before shutting down

Chilled water pump (CHP-2) runs for two
minutes before shutting down

Cooling tower (CT-2) fan stops operating

Condenser water isolation valve on CT-2
closes

Condenser water isolation valve on CH-2
closes
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If the average CHW temperature difference (return temperature minus the average. of
supply water temperatures) is less than 5°F and CHW flow rate is 5% below lead
CH-1 maximum flow, check the following:

Yes No Notes

Chiller 2 (CH-2) stops
Condenser water pump (CWP-2) runs for two
minutes before shutting down

Chilled water pump (CHP-2) runs for two
minutes before shutting down

Cooaling tower (CT-2) fan stops operating
Condenser water isolation valve on CT-2
closes

Condenser water isolation valve on CH-2
closes

With chiller 2 aslead,
Establish these conditions:
At least one secondary pump is operating at 100% speed for 10 minutes, and

CHW reset setpoint temperature isless than 1°F above minimum (at 42°F), or flow
rate measured at the CHW flow meter is above CH-2 maximum flow rate (1175
GPM).

Then check the following:

Yes No Notes

Condenser water isolation valve on CH-1
opens

Condenser water pump (CWP-1) starts

Condenser water isolation valve on CT-1
opens

Cooling tower (CT-1) fan starts at low speed

Chilled water pump (CHP-1) starts
Chiller 1 (CH-1) starts
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If CHW flow rate falls below the design flow rate of CHP-2, check the following:

Yes

No

Notes

Chiller 1 (CH-1) stops

Condenser water pump (CWP-1) runs for two
minutes before shutting down

Chilled water pump (CHP-1) runs for two
minutes before shutting down

Cooling tower (CT-1) fan stops operating

Condenser water isolation valve on CT-1
closes

Condenser water isolation valve on CH-1
closes

If average CHW temperature difference (return minus avg. of supply water temps.) is
less than 5°F and CHW flow rate is 5% below lead CH-2 maximum flow,

Yes

No

Notes

Chiller 1 (CH-1) stops

Condenser water pump (CWP-1) runs for two
minutes before shutting down

Chilled water pump (CHP-1) runs for two
minutes before shutting down

Cooling tower (CT-1) fan stops operating

Condenser water isolation valve on CT-1
closes

Condenser water isolation valve on CH-1
closes

Chilled Water Reset

Chilled water supply temperature is reset within arange of 41°F to 48°F, based on
the chilled water valve position at the AHU with the highest cooling load.

Check the chilled water setpoints at various valve positions according to the

following:

Yes

No

Notes

Valve 95% open, CHW temperature is 41°F

Valve 83% open, CHW temperature is 42°F

Valve 71% open, CHW temperature is 43°F

Valve 59% open, CHW temperature is 44°F

Valve 47% open, CHW temperature is 45°F

Valve 35% open, CHW temperature is 46°F

Valve 23% open, CHW temperature is 47°F

Vave 11% or less, CHW temperature is 48°F
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Pumps
Primary Pump Operation

Manual on
With no chiller plant equipment operating, manually turn CHP-1 on.

Yes No Notes

CH-1 and peripherals (CHP-1, CWP-1, CT-
1) become lead and start normally

With no chiller plant equipment operating, manually turn CHP-2 on.

Yes No Notes

CH-2 and peripherals (CHP-2, CWP-2, CT-
2) become lead and start normally

Pump Failure
With CHP-1 as lead pump (also CH-1, CT-1, and CWP-1 operating), “fail” CHP-1
by disconnecting at motor control center. Then check:

Yes No Notes

CH-1 shutdown procedure occurs
CH-2 start procedure occurs
CH-2 and peripherals become lead

With CHP-2 as lead pump (also CH-2, CT-2, and CWP-2 operating), “fail” CHP-2
by disconnecting at motor control center. Then check:

Yes No Notes

CH-2 shutdown procedure occurs
CH-1 start procedure occurs
CH-1 and peripherals become lead

Pump Control by CHW Flow

With CH-1 and peripherals operating alone, manipulate control valves at AHU'sto
have secondary flow exceed design flow of CH-1 by 10% (CHW flow of 645 GPM).

Yes No Notes

CHP-2 starts and becomes lead pump
CHP-1 stops and becomes lag pump

Manipulate control valves at AHU’ s to have secondary flow drop back down below
design flow of CH-1 (CHW flow of 585 GPM or less).

Yes No Notes

CHP-1 starts and becomes lead pump
CHP-2 stops and becomes lag pump
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Secondary Pump Operation

Pumps CH-S1 through CH-S6 Start
Pumps should start when pump speed signal is greater than 20% for 5 minutes.

Manipulate control valve at each AHU to 25% open to initiate a call for chilled
water.

Yes No Notes

Pump CH-SL1 starts after 5 minutes
Pump CH-S2 starts after 5 minutes
Pump CH-S3 starts after 5 minutes
Pump CH-$4 starts after 5 minutes
Pump CH-S5 starts after 5 minutes
Pump CH-S6 starts after 5 minutes

Pumps/VFD CH-S1 through CH-S6 operation
Verify that pump/VFD are ramping up and down to meet cooling load.
Manipulate control valve at each AHU to 50% open to call for more chilled water.

Yes No Notes

Pump/VFD CH-S1 ramps up to meet load
Pump/VFD CH-S2 ramps up to meet load
Pump/VFD CH-S3 ramps up to meet load
Pump/VFD CH-$4 ramps up to meet load
Pump/VFD CH-S5 ramps up to meet load
Pump/VFD CH-S6 ramps up to meet load
Manipulate control valve at each AHU to 100% open to call for more chilled water.

Yes No Notes

Pump/VFD CH-S1 ramps up to meet load
Pump/VFD CH-S2 ramps up to meet load
Pump/VFD CH-S3 ramps up to meet load
Pump/VFD CH-S4 ramps up to meet load
Pump/VFD CH-S5 ramps up to meet load
Pump/VFD CH-S6 ramps up to meet load
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Manipulate control valve at each AHU back to 25% open to call for less chilled

water.

Yes

No

Notes

Pump/VFD CH-S1 ramps down to meet load

Pump/VFD CH-S2 ramps down to meet load

Pump/VFD CH-S3 ramps down to meet load

Pump/VFD CH-$4 ramps down to meet load

Pump/VFD CH-S5 ramps down to meet load

Pump/VFD CH-S6 ramps down to meet load

Pumps CH-S1 through CH-S6 Stop

Manipulate control valve at each AHU closed to send stop command to pump.

Yes

No

Notes

Pump CH-S1 stops

Pump CH-S2 stops

Pump CH-S3 stops

Pump CH-$4 stops

Pump CH-S5 stops

Pump CH-S6 stops

Pumps CH-S7 through CH-S10 Start

These pumps only serve fan coil units and should start only when outside air

temperature is above 60°F.

With outside air temperature above 60°F (it may be necessary to change setpoint if

weather conditions aren't favorable), check the following:

Yes

No

Notes

CHW control valve at unit opens

When control valve hits 50% open, pump
starts

Pumps CH-S7 through CH-S10 Stop

Pumps should stop when CHW control valves close.
Change outside air temperature setpoint to be below outside air temperature, then

check:

Yes

No

Notes

CHW control valve at unit closes

Pump stops

Start/Stop

This verification test is covered with chiller start/stop tests.
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Fan Cycling

With CH-1 operating,

Observe tower operation to verify that fan cycles between low speed and off to
maintain 15°F difference between CW return temperature and CHW supply
temperature (may need to adjust setpoints depending on weather). Check the
following:

Yes No Notes

Fan cycles between off and low speed to
maintain 15°F differential between CW
return & CHW supply

Observe tower operation to verify that fan cycles between low speed and high speed

to maintain a CW supply temperature of 68°F (may need to make adjustments to
setpoints depending on weather), then check:

Yes No Notes

Fan cycles between low speed and high
speed, maintaining 68°F CW temperature
With CH-2 operating,

Observe tower operation to verify that fan cycles between low speed and off to

maintain 15°F difference between CW return temperature and CHW supply
temperature (may need to adjust setpoints depending on weather), then check:

Yes No Notes

Fan cycles between off and low speed,
maintaining 15°F differential between CW
return & CHW supply

Observe tower operation to verify that fan cycles between low speed and high speed
to maintain a CW supply temperature of 68°F (may need to make adjustments to
setpoints depending on weather), then check:

Yes No Notes

Fan cycles between low speed and high
speed, maintaining 68°F CW temperature
Tower Failure

With CT-1 operating,

Simulate failure by disconnecting fan motor at motor control center or local
disconnect, then check:

Yes No Notes

CT-2 starts and becomes |ead
With CT-2 operating,
Simulate failure by disconnecting fan motor at motor control center or local
disconnect, then check:

Yes No Notes

CT-1 starts and becomes |lead
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Tab Report Verification
Flow Rates

Chilled Water Flows
Flow through CHP-1

TAB reading GPM
Verification reading GPM
Flow through CHP-2

TAB reading GPM
Verification reading GPM
Condenser Water Flows

Flow through CWP-1

TAB reading GPM
Verification reading GPM
Flow through CWP-2

TAB reading GPM
Verification reading GPM

Pump Shutoff Head / Impeller Size

CWP-1

TAB reading
Verification reading
Impeller size

CWP-2

TAB reading
Verification reading
Impeller size

CHP-1

TAB reading
Verification reading
Impeller size

CHP-2

TAB reading
Verification reading
Impeller size

CHP-S1
TAB reading
Verification reading
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Impeller size

CHP-S2

TAB reading
Verification reading
Impeller size

CHP-S3

TAB reading
Verification reading
Impeller size

CHP-S4

TAB reading
Verification reading
Impeller size

CHP-S5

TAB reading
Verification reading
Impeller size

CHP-S6

TAB reading
Verification reading
Impeller size

CHP-S7

TAB reading
Verification reading
Impeller size

CHP-S8

TAB reading
Verification reading
Impeller size

CHP-S9

TAB reading
Verification reading
Impeller size

CHP-S10
TAB reading
Verification reading
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