2020 ASHRAE® HANDBOOK

Heating, Ventilating,
and
Air-Conditioning
SYSTEMS AND EQUIPMENT

Inch-Pound Edition

ASHRAE, 1791 Tullie Circle, N.E., Atlanta, GA 30329
www.ashrae.or



www.ashrae.org

© 2020 ASHRAE. All rights reserved.

DEDICATED TO THE ADVANCEMENT OF
THE PROFESSION AND ITS ALLIED INDUSTRIES

No part of this publication may be reproduced without permission in writing from
ASHRAE, except by a reviewer who may quote brief passages or reproduce illustrations in
a review with appropriate credit; nor may any part of this book be reproduced, stored in a
retrieval system, or transmitted in any way or by any means—electronic, photocopying,
recording, or other—without permission in writing from ASHRAE. Requests for permis-
sion should be submitted at www.ashrae.org/permissions.

Volunteer members of ASHRAE Technical Committees and others compiled the infor-
mation in this handbook, and it is generally reviewed and updated every four years. Com-
ments, criticisms, and suggestions regarding the subject matter are invited. Any errors or
omissions in the data should be brought to the attention of the Editor. Additions and correc-
tions to Handbook volumes in print will be published in the Handbook published the year
following their verification and, as soon as verified, on the ASHRAE Internet website.

DISCLAIMER

ASHRAE has compiled this publication with care, but ASHRAE has not investigated,
and ASHRAE expressly disclaims any duty to investigate, any product, service, process,
procedure, design, or the like that may be described herein. The appearance of any technical
data or editorial material in this publication does not constitute endorsement, warranty, or
guaranty by ASHRAE of any product, service, process, procedure, design, or the like.
ASHRAE does not warrant that the information in this publication is free of errors. The
entire risk of the use of any information in this publication is assumed by the user.

ISBN 978-1-947192-52-2
ISSN 1078-6074

The paper for this book is both acid- and elemental-chlorine-free and was manufactured
with pulp obtained from sources using sustainable forestry practices.



www.ashrae.org/permissions

Contributors

CONTENTS

ASHRAE Technical Committees, Task Groups, and Technical Resource Groups
ASHRAE Research: Improving the Quality of Life

Preface

AIR-CONDITIONING AND HEATING SYSTEMS

Chapter 1.

COoNORA~WDN

10.

11.
12.
13.
14.
15.
16.
17.
18.

HVAC System Analysis and Selection (TC 9.1, Large Building Air-Conditioning Systems)
Decentralized Cooling and Heating (TC 9.1)
Central Cooling and Heating Plants (TC 9.1)
Air Handling and Distribution (TC 9.1)
In-Room Terminal Systems (TC 9.1)
Radiant Heating and Cooling (TC 6.5, Radiant Heating and Cooling)
Combined Heat and Power Systems (TC 1.10, Cogeneration Systems)
Combustion Turbine Inlet Cooling (TC 1.10)
Applied Heat Pump and Heat Recovery Systems

(TC 6.8, Geothermal Heat Pump and Energy Recovery Applications)
Small Forced-Air Heating and Cooling Systems

(TC 6.3, Central Forced Air Heating and Cooling Systems)
Steam Systems (TC 6.1, Hydronic and Steam Equipment and Systems)
District Heating and Cooling (TC 6.2, District Energy)
Hydronic Heating and Cooling (TC 6.1)
Condenser Water Systems (TC 6.1)
Medium- and High-Temperature Water Heating (TC 6.1)
Infrared Radiant Heating (TC 6.5)
Ultraviolet Lamp Systems (TC 2.9, Ultraviolet Air and Surface Treatment)
Variable Refrigerant Flow [TC 8.7, Variable Refrigerant Flow (VRF)]

AIR-HANDLING EQUIPMENT AND COMPONENTS

Chapter  19.
20.
21.
22.
23.
24,

25.
26.
217.
28.
29.

30.

Duct Construction (TC 5.2, Duct Design)
Room Air Distribution Equipment (TC 5.3, Room Air Distribution)
Fans (TC 5.1, Fans)
Humidifiers (TC 5.11, Humidifying Equipment)
Air-Cooling and Dehumidifying Coils (TC 8.4, Air-to-Refrigerant Heat Transfer Equipment)
Desiccant Dehumidification and Pressure-Drying Equipment
(TC 8.12, Desiccant Dehumidification Equipment and Components)
Mechanical Dehumidifiers and Related Components
(TC 8.10, Mechanical Dehumidification Equipment and Heat Pipes)
Air-to-Air Energy Recovery Equipment (TC 5.5, Air-to-Air Energy Recovery)
Air-Heating Coils (TC 8.4)
Unit Ventilators, Unit Heaters, and Makeup Air Units
(TC 6.1 and TC 5.8, Industrial Ventilation)
Air Cleaners for Particulate Contaminants (TC 2.4, Particulate Air Contaminants and
Particulate Contaminant Removal Equipment)
Industrial Gas Cleaning and Air Pollution Control
[TC 5.4, Industrial Process Air Cleaning (Air Pollution Control)]



HEATING EQUIPMENT AND COMPONENTS
Chapter  31. Automatic Fuel-Burning Systems (TC 6.10, Fuels and Combustion)
32. Boilers (TC6.1)
33. Furnaces (TC 6.3)
34. Residential In-Space Heating Equipment (TC 6.5)
35. Chimney, Vent, and Fireplace Systems (TC 6.10)
36. Hydronic Heat-Distributing Units and Radiators (TC 6.1)
37. Solar Energy Equipment (TC 6.7, Solar Energy Utilization)

COOLING EQUIPMENT AND COMPONENTS
Chapter  38. Compressors (TC 8.1, Positive Displacement Compressors, and TC 8.2, Centrifugal Machines)
39. Condensers (TC 8.4, TC 8.5, Liquid-to-Refrigerant Heat Exchangers, and
TC 8.6, Cooling Towers and Evaporative Condensers)
40. Cooling Towers (TC 8.6)
41. Evaporative Air-Cooling Equipment (TC 5.7, Evaporative Cooling)
42. Liquid Coolers (TC 8.5)
43. Liquid-Chilling Systems (TC 8.1 and TC 8.2)

GENERAL COMPONENTS
44. Centrifugal Pumps (TC 6.1)
45. Motors, Motor Controls, and Variable-Frequency Drives
(TC 1.11, Electric Motors and Motor Control)
46. Valves (TC 6.1)
47. Heat Exchangers (TC 6.1)

PACKAGED, UNITARY, AND SPLIT-SYSTEM EQUIPMENT
Chapter  48. Unitary Air Conditioners and Heat Pumps (TC 8.11, Unitary and Room Air Conditioners
and Heat Pumps)
49. Room Air Conditioners and Packaged Terminal Air Conditioners (TC 8.11)

GENERAL
50. Thermal Storage (TC 6.9, Thermal Storage)
51. Dedicated Outdoor Air Systems (TC 8.10
52. Codes and Standards

Additions and Corrections

Index
Composite index to the 2017 Fundamentals, 2018 Refrigeration, 2019 HVAC Applications, and
2020 HVAC Systems and Equipment volumes

Comment Pages



CONTRIBUTORS

In addition to the Technical Committees, the following individuals contributed significantly
to this volume. The appropriate chapter numbers follow each contributor’s name.

Howard McKew (1, 5)
BuildingSmartSoftware, LLC

Steven Nicklas (2)
Gene Strehlow (2)

Stephen W. Duda (3)
Ross & Baruzzini, Inc.

R. Dan Leath (3)
Murphy Company

Rachel Romero (4)
National Renewable Energy Laboratory

Lynn Werman (4)

Dove Feng (6)
Taylor Engineering

Ryan MacGillivray (6)
Daniels Wingerak Engineering Ltd.

Paul Raftery (6)
University of California, Berkeley

Peter Simmonds (6)
Building and System Analytics

Gearoid Foley (7)
Integrated CHP Systems

Lucas B. Hyman (7, 12, 51)

Birol I. Kilkis (7)
Baskent University

John S. Andrepont (8, 51)
The Cool Solutions Company

Dharam Punwani (7, 8)
Avalon Consulting, Inc.

Chris Gray (9)
Southern Company

Gary Phetteplace (9, 12)
GWA Research

Charles Gaston (10, 33)
The Pennsylvania State University

Louis Starr (10)
Northwest Energy Efficiency Alliance

Ramez Afify (11)
E4P Consulting Engineering PLLC

Jason Atkisson (11, 32)
Affiliated Engineers, Inc.

Rex Scare (11)
Armstrong International, Inc.

Steve Tredinnick (12, 13, 14)
Burns & McDonnell, Inc.

Mick Schwedler (13, 14)
The Trane Company

Forrest B. Fencl (17)
UV Resources

Jaak Geboers (17)
Philips Lighting BV

Stephen B. Martin, Jr. (17)
Centers for Disease Control/National
Institute for Occupational Safety and
Health

Dean A. Saputa (17)
UV Resources

Richard L. Vincent (17)
Icahn School of Medicine at Mount Sinai

David L. Witham (17)
UltraViolet Devices, Inc.

William Artis (18)
Daikin Applied N.Y.

Brian Bogdan (18)
LG Electronics

Yvette Daniel (18)
Mitsubishi Electric USA, Inc.

Paul Doppel (18)
Mitsubishi Electric USA, Inc.

Dermot McMorrow (18)
Mitsubishi Electric Canada

Douglas Tucker (18)
Mitsubishi Electric USA, Inc.

Herman Behls (19)

Ralph Koerber (19)
ATCO Rubber Products

Craig Wray (19, 21)

Kevin Cash (20)
Trox

Jose Palma (20)
Titus

Curtis Peters (20)
Nailor Industries

David Pich (20)
Titus

Jack Stegall (20)
Energistics

Michael Brendel (21)
Lau Industries

Joseph Brooks (21)
AMCA International

Patrick Chinoda (21)
Revcor, Inc.

Armin Hauer (21, 45)
ebm-papst, Inc.

Zhiping Wang (21)
Morrison Products, Inc.
Gary Berlin (22)
Humidity Consulting LLC

Sukru Erisgen (22)
DriSteem Corporation

Nicholas Lea (22)
Nortec Humidity Ltd.

William Fox (23, 27, 39)
Ingersoll Rand/Trane

Steve Brickley (24)
Munters Corporation

Phillip Farese (24)
Advantix Systems

Michael Sherber (24)
PPL SavageALERT

Richard Wolcott (24)

Ralph Kittler (25)
Seresco Technologies, Inc.

Alois Malik (25)
Dectron International, Inc.

Harry Milliken (25)
Desert-Aire Corporation

Prakash Dhamshala (26)
University of Tennessee

Gursaran D. Mathur (26, 41)
Calsonic Kansei North America

Tricia Bruenn (28)
Belimo Americas

Scott Fisher (28, 36, 48)
State Farm

John McKernan (28)
U.S. Environmental Protection Agency

Ken Mead (28)
National Institute of Occupational Safety
and Health

Eric Brodsky (29)
Research Products




Tom Justice (29)
ZENE, LLC Filtration

Carolyn (Gemma) Kerr (29)

Phil Maybee (29)
The Filter Man Ltd.

Larry Brand (31, 35)
Gas Technology Institute

Mehdi M. Doura (31, 35)
Lochinvar LLC

Jennifer Guerrero-Ferreira (31, 35)
Bekaert Corporation

Tom Neill (31, 35)
Mestek Inc.

Bill Roy (31, 35)
Timco Rubber

Paul Sohler (31, 35)
Crown Boiler Co

Cory Weiss (31, 35)
Field Controls LLC

Diane Jakobs (33)
Rheem Manufacturing Company

George Yaeger (33)
Sears Holdings Corporation

Constantinos A. Balaras (37)
National Observatory of Athens

Elena G. Dascalaki (37)
National Observatory of Athens

Svein Morner (37)
Sustainable Engineering Group LLC

Khalid Nagidi (37)

Energy Management Consulting Group,

LLC

Ray Good (38)
Danfoss Turbocor Compressors, Inc.

Rick Heiden (38)
The Trane Company

Justin Kauffman (38, 43)
Johnson Controls

Alexander D. Leyderman (38, 43)

Triumph Thermal Management Systems-

MD

Michael Perevozchikov (38)
Emerson Climate Technologies

Lorenzo Cremaschi (39)
Oklahoma State University

Satheesh Kulankara (39)
Johnson Controls, Inc.

Sankar Padhmanabhan (39)
Danfoss LLC

Mike Scofield (41)
Conservation Mechanical Systems

Satyam Bendapudi (42)
Carrier Corporation

Laurant Abbas (43)
Arkema

Fred Betz (38, 43)
PEDCO E & A Services, Inc.

Hermann Renz (38)
Bitzer International

Niels Bidstrup (44)
Grundfos Holding A/S

Larry Konopacz (44)
Xylem - Applied Water Systems

David Lee (44)
Armstrong Fluid Technology

Greg Towsley (44)

Ken Fonstad (45)
ABB, Inc.

Paul Lin (45)
Regal Beloit

Tom Lowery (45)
Schneider Electric

Marcelo Acosta (47)
Armstrong Fluid Technology

Eric Rosenberg (47)
Grumman/Butkus Associates

Steve Taylor (47)
Taylor Engineering, LLC

Robert Walker (47)
Belimo Aircontrols (USA), Inc.

Theodore E. Duffy (49, 50)
Johnson Supply

Kevin Mercer (49)
Carrier Corporation

Ray Rite (49, 50)
Ingersoll Rand

Don Schuster (49)
Ingersoll Rand

Craig Messmer (50)
Unico

Geoff Bares (51)
CB&l

Henry Becker (51)
H-O-H Water Technology

Paul Steffes (51)
Steffes Corporation

Suzanne LeViseur, Chair

ASHRAE HANDBOOK COMMITTEE

2020 HVAC Systems and Equipment Volume Subcommittee: Michael P. Patton, Chair

Caroline C. Calloway Nicolas Lemire Prakash R. Dhamshala Florentino Roson Rodriguez Steven C. Sill

ASHRAE HANDBOOK STAFF

Mark S. Owen, Publisher
Director of Publications and Education

Heather E. Kennedy, Editor
Hayden Spiess, Editorial Assistant
Nancy F. Thysell, Typographer/Page Designer
David Soltis, Group Manager, and Jayne E. Jackson, Publication Traffic Administrator Publishing Services



ASHRAE TECHNICAL COMMITTEES, TASK GROUPS, AND
TECHNICAL RESOURCE GROUPS

SECTION 1.0—FUNDAMENTALS AND GENERAL
11 Thermodynamics and Psychrometrics
1.2 Instruments and Measurements
13 Heat Transfer and Fluid Flow
14 Control Theory and Application
15 Computer Applications
1.6 Terminology
1.7 Business, Management & General Legal Education
1.8 Mechanical Systems Insulation
1.9 Electrical Systems
1.10 Cogeneration Systems
111 Electric Motors and Motor Control
1.12 Moisture Management in Buildings
1.13 Optimization

SECTION 2.0—ENVIRONMENTAL QUALITY

2.1 Physiology and Human Environment

2.2 Plant and Animal Environment

2.3 Gaseous Air Contaminants and Gas Contaminant Removal
Equipment

2.4 Particulate Air Contaminants and Particulate Contaminant

Removal Equipment
2.5 Global Climate Change
2.6 Sound and Vibration
2.7 Seismic and Wind Resistant Design
2.8 Building Environmental Impacts and Sustainability
2.9 Ultraviolet Air and Surface Treatment
TG2 Heating Ventilation and Air-Conditioning Security (HVAC)

SECTION 3.0—MATERIALS AND PROCESSES

3.1 Refrigerants and Secondary Coolants
3.2 Refrigerant System Chemistry
3.3 Refrigerant Contaminant Control

34 Lubrication
3.6 Water Treatment
3.8 Refrigerant Containment

SECTION 4.0—LOAD CALCULATIONS AND ENERGY
REQUIREMENTS

4.1 Load Calculation Data and Procedures

4.2 Climatic Information

4.3 Ventilation Requirements and Infiltration

44 Building Materials and Building Envelope Performance
45 Fenestration

4.7 Energy Calculations
4.10 Indoor Environmental Modeling
TRG4  Indoor Air Quality Procedure Development

SECTION 5.0—VENTILATION AND AIR DISTRIBUTION
5.1 Fans
5.2 Duct Design
53 Room Air Distribution
54 Industrial Process Air Cleaning (Air Pollution Control)
55 Air-to-Air Energy Recovery
5.6 Control of Fire and Smoke
5.7 Evaporative Cooling
5.8 Industrial Ventilation
5.9 Enclosed Vehicular Facilities
5.10 Kitchen Ventilation
511 Humidifying Equipment

SECTION 6.0—HEATING EQUIPMENT, HEATING AND
COOLING SYSTEMS AND APPLICATIONS
6.1 Hydronic and Steam Equipment and Systems
6.2 District Energy
6.3 Central Forced Air Heating and Cooling Systems
6.5 Radiant Heating and Cooling
6.6 Service Water Heating Systems
6.7 Solar Energy Utilization
6.8 Geothermal Heat Pump and Energy Recovery Applications

6.9
6.10

Thermal Storage
Fuels and Combustion

SECTION 7.0—BUILDING PERFORMANCE

7.1
7.2
7.3
7.4
7.5
7.6
7.7
7.8
7.9

Integrated Building Design

HVAC&R Construction & Design Build Technologies
Operation and Maintenance Management

Exergy Analysis for Sustainable Buildings (EXER)
Smart Building Systems

Building Energy Performance

Testing and Balancing

Owning and Operating Costs

Building Commissioning

SECTION 8.0—AIR-CONDITIONING AND REFRIGERATION
SYSTEM COMPONENTS

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12

Positive Displacement Compressors

Centrifugal Machines

Absorption and Heat Operated Machines
Air-to-Refrigerant Heat Transfer Equipment
Liquid-to-Refrigerant Heat Exchangers

Cooling Towers and Evaporative Condensers

Variable Refrigerant Flow (VRF)

Refrigerant System Controls and Accessories

Residential Refrigerators and Food Freezers

Mechanical Dehumidification Equipment and Heat Pipes
Unitary and Room Air Conditioners and Heat Pumps
Desiccant Dehumidification Equipment and Components

SECTION 9.0—BUILDING APPLICATIONS

9.1
9.2
9.3
9.4
9.6
9.7
9.8
9.9

9.10
9.11
9.12

Large Building Air-Conditioning Systems

Industrial Air Conditioning

Transportation Air Conditioning

Justice Facilities

Healthcare Facilities

Educational Facilities

Large Building Air-Conditioning Applications

Mission Critical Facilities, Data Centers, Technology
Spaces and Electronic Equipment

Laboratory Systems

Clean Spaces

Tall Buildings

SECTION 10.0—REFRIGERATION SYSTEMS

10.1
10.2
10.3
10.5
10.6
10.7
10.8

Custom Engineered Refrigeration Systems

Automatic lcemaking Plants and Skating Rinks
Refrigerant Piping, Controls, and Accessories
Refrigerated Processing and Storage

Transport Refrigeration

Commercial Food and Beverage Refrigeration Equipment
Refrigeration Load Calculations

SECTION MTG—MULTIDISCIPLINARY TASK GROUPS
MTG.ASEC Avoided Sources Energy Consumption Due to

Waste Heat Recovery and Heat Pump
Technologies

MTG.BD Building Dampness
MTG.BIM Building Information Modeling
MTG.ET Energy Targets

MTG.HCDG Hot Climate Design Guide
MTG.IAST Impact of ASHRAE Standards and Technology on

Energy Savings/Performance

MTG.ISPAQE  Indoor Swimming Pool Air Quality and

Evaporation

MTG.LowGWP Lower Global Warming Potential Alternative

Refrigerants

MTG.O&MEE  Operations and Maintenance Activities That Impact

Energy Efficiency

MTG.OBB Occupant Behavior in Buildings




ASHRAE Research: Improving the Quality of Life

ASHRAE is the world’s foremost technical society in the fields
of heating, ventilation, air conditioning, and refrigeration. Its mem-
bers worldwide are individuals who share ideas, identify needs, sup-
port research, and write the industry’s standards for testing and
practice. The result is that engineers are better able to keep indoor
environments safe and productive while protecting and preserving
the outdoors for generations to come.

One of the ways that ASHRAE supports its members’ and indus-
try’s need for information is through ASHRAE Research. Thou-
sands of individuals and companies support ASHRAE Research
annually, enabling ASHRAE to report new data about material

properties and building physics and to promote the application of
innovative technologies.

Chapters in the ASHRAE Handbook are updated through the
experience of members of ASHRAE Technical Committees and
through results of ASHRAE Research reported at ASHRAE confer-
ences and published in ASHRAE special publications, ASHRAE
Transactions, and ASHRAE’s journal of archival research, Science
and Technology for the Built Environment.

For information about ASHRAE Research or to become a mem-
ber, contact ASHRAE, 1791 Tullie Circle N.E., Atlanta, GA 30329;
telephone: 404-636-8400; www.ashrae.org.

Preface

The 2020 ASHRAE Handbook—HVAC Systems and Equipment
discusses various systems and the equipment (components or
assemblies) they comprise, and describes features and differences.
This information helps system designers and operators in selecting
and using equipment. ASHRAE Technical Committees in each sub-
ject area have reviewed all chapters and revised them as needed for
current technology and practice.

Some of the volume’s revisions and additions are as follows:

 Chapter 7, Combined Heat and Power Systems, has a new section
on economic evaluation and includes an update on EU Directive
2004/8/EC.

 Chapter 9, Applied Heat Pump and Heat Recovery Systems, has
new content on waste heat recovery, district applications, and in-
dustrial process heat pumps.

 Chapter 12, District Heating and Cooling, has new content from
ASHRAE research project RP-1267 (the new District Heating
Guide and District Cooling Guide).

 Chapter 18, Variable Refrigerant Flow, has new sections on mod-
eling and system commissioning, and an updated system design
example.

 Chapter 19, Duct Construction, has extensive revisions on system
leakage and air dispersion systems.

* Chapter 20, Room Air Distribution Equipment, has updates for
current technology, with new information on specialized compo-
nents and air curtains.

* Chapter 21, Fans, has new sections on series fan operation and
field performance testing plus added content on fan and motor
efficiency grades and parallel multiple-fan operation.

 Chapter 24, Desiccant Dehumidification and Pressure-Drying
Equipment, has expanded content on applications, air filters, and
liquid strainers, plus recommendations from ASHRAE research
project RP-1339 on rating equipment at altitude.

* Chapter 25, Mechanical Dehumidifiers and Related Components,
has new content on psychrometrics, outdoor air, controls, and
industrial dehumidifiers.

 Chapter 26, Air-to-Air Energy Recovery Equipment, has new in-
formation on heat pipes and desiccant and heat wheel systems.

 Chapter 28, Unit Ventilators, Unit Heaters, and Makeup Air
Units, has revisions on standards, controls, and fan selection for
makeup air units.

* Chapter 29, Air Cleaners for Particulate Contaminants, has up-
dates on standards and performance testing.

 Chapter 31, Automatic Fuel-Burning Systems, has added content
on pneumatically and electronically linked gas/air ratio burner
systems.

* Chapter 33, Furnaces, has updates for current technology and effi-
ciency requirements.

Chapter 37, Solar Energy Equipment, has new data on worldwide
solar technology use, plus an expanded section on photovoltaic
equipment.

Chapter 38, Compressors, has revisions on general theory; screw
and scroll compressors; and bearings, including oil-free technol-
ogies.

Chapter 44, Centrifugal Pumps, has new content on vertical,
inline, split-coupled pumps; hydronic system pump selection; and
differential pressure control.

Chapter 45, Motors, Motor Controls, and Variable-Frequency
Drives, has new content on standards, bearing currents, and
permanent-magnet motors.

Chapter 47, Valves, has new content on control valve sizing; elec-
tronic actuators; and ball, butterfly, flow-limiting, and pressure-
independent control valves.

Chapter 49, Unitary Air Conditioners and Heat Pumps, has a new
map of U.S. regional appliance efficiency standards.

Chapter 50, Room Air Conditioners and Packaged Terminal Air
Conditioners, has updates for efficiency standards.

Chapter 52, Dedicated Outdoor Air Systems, is a completely new
chapter focusing on DOAS equipment.

This volume is published, as a bound print volume and in elec-
tronic format as a PDF download and online, in two editions: one
using inch-pound (I-P) units of measurement, the other using the
International System of Units (SI).

Corrections to the 2017, 2018, and 2019 Handbook volumes can
be found on the ASHRAE website at www.ashrae.org and in the
Additions and Corrections section of this volume. Corrections for
this volume will be listed in subsequent volumes and on the
ASHRAE website.

Reader comments are enthusiastically invited. To suggest im-
provements for a chapter, please comment using the form on the
ASHRAE website or, using the cutout page(s) at the end of this
volume’s index, write to Handbook Editor, ASHRAE, 1791 Tullie
Circle N.E., Atlanta, GA 30329, or fax 678-539-2187, or e-mail
hkennedy@ashrae.org.

Heather E. Kennedy
Editor
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N HVAC system maintains desired environmental conditions
in aspace. In almost every application, many options are avail-
able to the design engineer to satisfy a client’s building program and
design intent. In the analysis, selection, and implementation of these
options, the design engineer should consider the criteria defined
here, as well as project-specific parameters to achieve the functional
requirements associated with the project design intent. In addition to
the design, equipment, and system aspects of the proposed design,
the design engineer should consider sustainability as it pertains to
responsible energy and environmental design, as well as constructa-
bility of the design.

HVAC systems are categorized by the method used to produce,
deliver, and control heating, ventilating, and air conditioning in the
conditioned area. This chapter addresses procedures for selecting
an appropriate system for a given application while taking into
account pertinent issues associated with designing, building, com-
missioning, operating, and maintaining the system. It also
addresses specific owner requirements and constraints associated
with selecting the optimum HVAC system for the application.
Chapters 2 to 18 describe specific approaches and systems along
with their attributes, based on their heating and cooling medium,
the commonly used variations, constructability, commissioning,
operation, and maintenance.

This chapter is intended as a guide for the design engineer,
builder, facility manager, and student needing to know or reference
the analysis and selection process that ultimately leads to recom-
mending the optimum system for the job. The approach applies to
HVAC equipment conversions, building system upgrades, system
retrofits, building renovations and expansion, and new construction
for any building: small, medium, large, below grade, at grade, low-
rise, and high-rise. This system analysis and selection process (Fig-
ure 1) approach helps guide the design engineer in drafting a
report that recommends the best system(s) for any building pro-
gram, regardless of facility type. This chapter’s analysis examines
objective, subjective, short-term, and long-term goals along with
constraints. Figure 1 also highlights five project delivery methods:
performance contracting, design-bid-build, design-build, inte-
grated building design, and construction management.

1. SELECTING ASYSTEM

The design engineer is responsible for considering various sys-
tems and equipment and recommending one or more system options
that will meet the project goals and perform per the design intent. It
is imperative that the design engineer and owner collaborate to iden-
tify and prioritize criteria associated with the design goals. In addi-
tion, if the project includes preconstruction services, the designer,
owner, and operator should consult with a builder to take advantage
of a constructability analysis as well as the consideration of value-

The preparation of this chapter is assigned to TC 9.1, Large Building Air-
Conditioning Systems.

Cobovrioht © 2020 ASHRAF

engineered options. Occupant comfort (as defined by ASHRAE
Standard 55), process heating, space heating, cooling, and ventila-
tion criteria must be considered when selecting the optimum sys-
tem(s), as well as the following:

Temperature

Humidity

Air motion

Air/water velocity

Water quality and/or reuse
Outdoor air quality or purity
Indoor air purity or quality
Air changes per hour
Acoustics and vibration

Local climate

Mold and mildew prevention
Capacities (existing, proposed, and future expansion)
Redundancy

Spatial requirements (present and future)
Environmental health and safety design
Security

First cost
Return-on-investment cost
Energy consumption costs
Operator labor costs
Maintenance costs
Serviceability

Reliability

Flexibility

Controllability

Replaceability

Life-cycle analysis
Sustainability of design
Seismic protection

Filtration and filtration effects
Changing codes and standards

Because these factors are interrelated, the owner, design engineer,
operator, and builder must consider how these criteria affect each
other. The relative importance of factors such as these varies with
different owners, and can often change from one project to another
for the same owner. For example, typical owner concerns include
first cost compared to operating cost, extent and frequency of main-
tenance and whether that maintenance requires entering the occu-
pied space, expected frequency of system failure, effect of failure,
and time required to correct the failure. Each concern has a different
priority, depending on the owner’s goals.

Additional Goals

In addition to the primary goal of providing the desired environ-
ment, the design engineer should be aware of and account for other
goals the owner may require. These goals may include the follow-
ing:
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« Seasonal start-up date

¢ Occupant move-in date

 Operator training

« Supporting a process, such as operation of computer equipment
« Promoting a germ-free environment

« Increasing marketability of rental spaces

« Increasing net rental income

« Increasing property saleability

 Public image of the property

« Certification of energy use (LEED®, ENERGYSTAR®, etc.)
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Fig.1 Process Flow Diagram
(Courtesy RDK Engineers)

The owner can only make appropriate value judgments if the
design engineer provides complete information on the advantages
and disadvantages of each system option. Just as the owner does not
usually know the relative advantages and disadvantages of different
HVAC systems, the design engineer rarely knows all the owner’s
financial and functional goals. Hence, the owner must be proactive
and involved in system selection in the conceptual phase of the job.
The same can be said for operator participation so that the final
design intent is sustainable and can continue to fulfill design intent.

All owners should request and/or require the design team to pro-
vide building and HVAC security (as defined in Chapter 61 of the
2019 ASHRAE Handbook—HVAC Applications). This security, in
addition to environmental health and safety criteria, should address
outside-the-building influences (e.g., smoke, toxic fumes, flood,
etc.) as well as influences inside the building. System selection per-
taining to HVAC security may require another design team member,
a security consultant, and/or the owner’s own security group.

Equipment and System Constraints

Once the goal criteria and additional goal options are verified,
equipment and system constraints must be assessed and docu-
mented as part of the system analysis and selection recommendation
report. These constraints may include the following:

 Performance limitations (e.g., temperature, humidity, space pres-
sure, etc.)

¢ Code updates and/or new codes

« Available capacity including equipment size, as well as ductwork

and/or pipe size

Available space and access in and/or out with new or old equip-

ment

Available utility source

Energy budget (e.g., conceptual Btu/h-ft2 per year), code-driven

or targeted

« Equipment efficiency

« Operator knowledge and capabilities

 Existing building occupants

« Building architecture

Few projects allow detailed quantitative evaluation of all alterna-
tives. Common sense, historical data, and subjective experience can
be used to narrow choices to one or two potential systems. Heating
and air-conditioning loads often contribute to constraints, narrow-
ing the choice to systems that fit in available space and are compat-
ible with building architecture. Chapters 17 and 18 of the 2017
ASHRAE Handbook—Fundamentals describe methods to deter-
mine the size and characteristics of heating and air-conditioning
loads. By establishing the capacity requirement, equipment size can
be determined, and the choice may be narrowed to those systems
that work well on projects within the required size range.

Loads vary over time based on occupied and unoccupied peri-
ods, changes in weather, type of occupancy, activities, internal
loads, and solar exposure. Each space with a different use and/or
exposure may require its own control zone to maintain space com-
fort. Some areas with special requirements (e.g., dehumidification
requirements) may need individual systems. The extent of zoning,
degree of control required in each zone, and space required for
individual zones also narrow system choices.

No matter how efficiently a particular system operates or how
economical it is to install, it can only be considered if it (1) main-
tains the desired building space environment within an acceptable
tolerance under expected conditions and occupant activities and (2)
physically fits into, on, or adjacent to the building without causing
objectionable occupancy conditions.

Cooling, heating, and humidity control are often the basis of siz-
ing HVAC components and subsystems, but ventilation require-
ments can also significantly impact system sizing. For example, if
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large quantities of outdoor air are required for ventilation or to
replace air exhausted from the building, the design engineer may
only need to consider systems that transport and effectively condi-
tion those large outdoor air volumes, thus eliminating many of the
other HVAC systems (e.g., unit ventilators, through-the-wall win-
dow units) from system consideration. The cooling, heating, humid-
ification, and dehumidification delivery performance compromises
may be minor for one application in a given climate, but may be
unacceptable in another that has more stringent requirements.

HVAC systems and associated distribution systems often
occupy a significant amount of space. Major components may also
require special support from the structure. The size and appearance
of terminal devices (e.g., grilles, registers, diffusers, fan-coil units,
radiant panels, chilled beams) affect architectural design because
they are visible in the occupied space, which constrains the design.

Sustainable energy consumption can be compromised and long-
term project success lost if building operators are not trained to
efficiently and effectively operate and maintain the building sys-
tems. For projects in which the design engineer used some form of
energy software simulation, the resultant data should be passed on
to the building owner so that goals and expectations can be mea-
sured and benchmarked against actual system performance. Even
though the HVAC designer’s work may be complete after system
commissioning and turnover to the owner, continuous acceptable
performance is expected and will only occur if the owner under-
stands the background and systems selected and their anticipated
performance. See ASHRAE Guideline 0 and to ASHRAE’s Build-
ing Energy Quotient (bEQ) program (www.buildingeg.com).

System operability should be considered in system selection.
Constructing a highly sophisticated, complex HVAC system in a
building where maintenance personnel lack the required skills for
maintenance can be a recipe for disaster at worst, and at best may
require the use of costly outside maintenance and service contrac-
tors to achieve successful system operation.

The design engineer should closely coordinate the system con-
straints with the rest of the design team, as well as the owner, to
overcome design obstacles associated with the HVAC systems
under consideration for the project.

Constructability Constraints

The design engineer must take into account HVAC system con-
structability issues before the project reaches the construction
document phase. Some of these constraints may significantly
affect the success of the design and cannot be overlooked in the
conceptual and design development phases. Some issues and con-
cerns associated with constructability are

« Existing conditions (e.g., floor load, access into and through a
building)

Rigging equipment into and out of a building to a designated area
Demolition and impact on adjacent space and existing systems in
operation

Maintaining existing building occupancy, use of the building, and
system operation
Ability to phase HVAC system installation

Temporary HVAC

Equipment availability (e.g., delivery lead time)

Construction schedule

Construction budget

It can be very advantageous to involve a builder into the early
stages of an HVAC design to bring their prospective and experi-
ence to the project system analysis and selection process. Whether
a construction manager, design-builder, or integrated project deliv-
ery leader, each brings years of experience to the topic of con-
struct-ability that can influence the final selection of HVAC
system(s).
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Construction budget constraints can also influence the choice
of HVAC systems. Based on historical data, some systems may not
be economically viable within the budget limitations of an owner’s
building program. In addition, annual maintenance and operating
budget (utilities, labor, and materials) can be limiting although
more often than not, annual operating budgets do not get included
in the total construction “soft costs” (e.g., furnishing, general con-
ditions). This can be particularly important for building owners
who will retain the building for a substantial number of years.The
building’s estimator can assist in the overall project cost by intro-
ducing value-engineered solutions that may involve (1) cost-driven
performance, which may provide a better solution for lower first
cost; (2) a more sustainable solution over the life of the equipment;
or (3) best value based on a reasonable return on investment.

Narrowing the Choices

The following chapters in this volume present information to
help the design engineer narrow the choices of HVAC systems:

* Chapter 2 focuses on a distributed approach to HVAC.

e Chapter 3 provides guidance for large equipment centrally
located in or adjacent to a building.

» Chapters 4 to 18 address the numerous types of air-conditioning
and heating systems.

Each chapter summarizes positive and negative features of vari-
ous systems. Comparing the criteria, other factors and constraints,
and their relative importance usually identifies one or two systems
that best satisfy project goals. In making choices, notes should be
kept on all systems considered and the reasons for eliminating those
that are unacceptable.

Each selection may require combining a primary system with a
secondary (or distribution) system. The primary system converts
energy derived from fuel or electricity to produce a heating and/or
cooling medium. The secondary system delivers heating, ventila-
tion, cooling, humidification, and/or dehumidification to the occu-
pied space. The systems are independent to a great extent, so
several secondary systems may work with a particular primary sys-
tem. In some cases, however, only one secondary system may be
suitable for a particular primary system.

Once subjective analysis has identified one or more HVAC sys-
tems (sometimes only one choice remains), detailed quantitative
evaluations must be made. All systems considered should provide
satisfactory performance to meet the owner’s essential goals. The
design engineer should provide the owner with specific data on each
system to make an informed choice. Consult the following chapters
to help narrow the choices:

« Chapter 10 of the 2017 ASHRAE Handbook—Fundamentals cov-
ers physiological principles, comfort, and health.

Chapter 19 of the 2017 ASHRAE Handbook—Fundamentals cov-
ers methods for estimating annual energy costs.

Chapters 37 to 44 of the 2019 ASHRAE Handbook—HVAC Appli-
cations address important topics pertinent to the long-term suc-
cess of building programs.

Other documents and guidelines that should be consulted are
ASHRAE standards and guidelines; local, state, and federal guide-
lines; and special agency requirements (e.g., U.S. General Services
Administration [GSA], Food and Drug Administration [FDA], Joint
Commission on Accreditation of Healthcare Organizations
[JCAHO], Facility Guidelines Institute [FGI], Leadership in Energy
and Environmental Design [LEED®]). Additional sources of
detailed information are listed in the Bibliography and/or available
in the ASHRAE Bookstore (www.ashrae.org/bookstore).
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Table1 Sample HVAC System Analysis and Selection Matrix (0 to 10 Score)

Goal: Furnish and install an HVAC system that provides moderate space temperature
control with minimum humidity control at an operating budget of 70,000 Btu/h per square foot per year

Categories

System #1 | System #2 | System #3 Remarks

1. Criteria for selection:

« 78°F space temperature with +3°F control during occupied cycle, with 40% rh

and +5% rh control during cooling.

* 68°F space temperature with £2°F, with 20% rh and +5% rh control during

heating season.
¢ First cost
« Equipment life cycle

2. Important factors:
« First-class office space stature
« Individual tenant utility metering

3. Other goals:
« Engineered smoke control system
* ASHRAE Standard 62.1 ventilation rates
« Direct digital control building automation

4. System constraints:
« No equipment on first floor
« No equipment on ground adjacent to building

5. Energy use as predicted by use of an industry-acceptable computerized energy

model

6. Other constraints:
* No perimeter finned-tube radiation or other type of in-room equipment

TOTAL SCORE

Selection Report

As the last step, the design engineer should prepare a system
analysis and selection report in a format that incorporates the fol-
lowing:

« Introduction

« Building program primary HVAC goals

« Criteria for selection

Important factors, including advantages and disadvantages
System integration with other building systems

Other HVAC goals

Security and environmental health and safety criteria
Building envelope

Project timeline (design, equipment delivery, commissioning,
training, and construction)

Basis of design

HVAC system analysis and selection matrix

System narratives

Budget costs (first cost, operating cost, and energy cost)
Final recommendation(s)

3

A brief outline of each of the final selections should be provided
along with overall budget and/or cost per square foot. In addition,
HVAC systems deemed inappropriate should be noted as having
been considered but not found applicable to meet the owner’s pri-
mary HVAC goal.

The report should include an HVAC system selection matrix
that identifies the one or two suggested HVAC system selections
(primary and secondary, when applicable), system constraints, and
other constraints and considerations. In completing this matrix
assessment, the design engineer should identify the owner’s input
to the analysis. This input can also be applied as weighted multipli-
ers, because not all criteria carry the same weighted value.

Many grading methods are available to complete an analytical
matrix analysis. Probably the simplest is to rate each item excel-
lent, very good, good, fair, or poor. A numerical rating system such

as 0 to 10, with 10 equal to excellent and O equal to poor or not
applicable, can provide a quantitative result. The HVAC system
with the highest numerical value then becomes the recommended
system to accomplish the goal.

The system selection report should include a summary followed
by a more detailed account of the HVAC system analysis and sys-
tem selection. This summary should highlight key points and find-
ings that led to the recommendation(s). The analysis should refer
to the system selection matrix (such as in Table 1) and the reasons
for scoring.

With each HVAC system considered, the design engineer should
note the criteria associated with each selection. Issues such as
close-tolerance temperature and humidity control may eliminate
some HVAC systems from consideration. System constraints,
noted with each analysis, may eliminate potential HVAC systems.
Advantages and disadvantages of each system should be noted
with the scoring from the HVAC system selection matrix. This
process should reduce HVAC selection to one or two optimum
choices for presentation to the owner. Examples of similar installa-
tions for other owners can be included with this report to support
the final recommendation. Identifying a third party for an endorse-
ment allows the owner to inquire about the success of other HVAC
installations.

2. HVAC SYSTEMS AND EQUIPMENT

Many built, expanded, and/or renovated buildings may be ide-
ally suited for decentralized HVAC systems, with equipment
located in, throughout, adjacent to, or on top of the building. The
alternative to this decentralized approach is to use primary equip-
ment located in a central plant (either inside or outside the build-
ing) with water and/or air required for HVAC needs distributed
from this plant.

Decentralized System Characteristics

The various types of decentralized systems are described in
Chapter 2. The common element is that the required cooling is
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distributed throughout the building, generally with direct-expan-
sion cooling, electric, or gas-fired heating of air systems, and on
occasion, oil-fired warm-air heating units.

Temperature, Humidity, and Space Pressure Requirements.
A decentralized system may be able to fulfill any or all of these
design parameters, but typically not as efficiently or as accurately
as a central system.

Capacity Requirements. A decentralized system usually re-
quires each piece of equipment to be sized for zone peak capacity,
unless the systems are variable-volume. Depending on equipment
type and location, decentralized systems do not benefit as much
from equipment sizing diversity as centralized systems do.

Redundancy. A decentralized system may not have the benefit
of back-up or standby equipment. This limitation may need review.

Facility Management. A decentralized system can allow the
building manager to maximize performance using good business/
facility management techniques in operating and maintaining the
HVAC equipment and systems. With some decentralized equipment
(e.g., rooftop HVAC units), operation and maintenance may be per-
formed annually via a service contract with a mechanical contract-
ing company.

Spatial Requirements. A decentralized system may or may not
require equipment rooms. Because of space restrictions imposed on
the design engineer or architect, equipment may be located on the
roof and/or the ground adjacent to the building. Depending on sys-
tem components, additional space may be required in the building
for chillers and boilers. Likewise, a decentralized system may or
may not require duct and pipe shafts throughout the building.

First Cost. A decentralized system probably has the best first-
cost benefit. This feature can be enhanced by phasing in the pur-
chase of decentralized equipment as needed (i.e., buying equipment
as the building is being leased/occupied).

Operating Cost. A decentralized system can save operating cost
by strategically starting and stopping multiple pieces of equipment.
When comparing energy consumption based on peak energy draw,
decentralized equipment may not be as attractive as larger, more
energy-efficient centralized equipment.

Maintenance Cost. A decentralized system can save mainte-
nance cost when equipment is conveniently located and equipment
size and associated components (e.g., filters) are standardized.
When equipment is located outdoors, maintenance may be difficult
during bad weather.

Reliability. A decentralized system usually has reliable equip-
ment, although the estimated equipment service life may be less
than that of centralized equipment. Decentralized system equipment
may, however, require maintenance in the occupied space.

Flexibility. A decentralized system may be very flexible because
it may be placed in numerous locations.

Level of Control. Decentralized systems often use direct
refrigerant expansion (DX) for cooling, and on/off or staged heat.
This step control results in greater variation in space temperature
and humidity, where close control is not desired or necessary. As
a caution, oversizing DX or stepped cooling can allow high indoor
humidity levels and mold or mildew problems.

Noise and Vibration. Decentralized systems often locate noisy
machinery close to building occupants.

Constructability. Decentralized systems frequently consist of
multiple and similar-in-size equipment that makes standardiza-
tion a construction feature, as well as purchasing units in large
quantities.

Centralized System Characteristics

These systems are characterized by central refrigeration equip-
ment/systems with chilled-water distribution and central boiler
equipment/system with hot-water distribution. Other central sys-
tems include low-, medium-, and high-pressure steam plants and
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cogeneration central equipment/systems, or condenser water sys-
tems used with water-source heat pumps.

Among the largest centralized systems are HVAC plants serving
groups of large buildings. These plants improve diversity and gener-
ally operate more efficiently, and with lower maintenance costs, than
individual central plants. Economic considerations of larger central-
ized systems require extensive analysis. The utility analysis may
consider multiple fuels and may also include gas and steam turbine-
driven equipment. Multiple types of primary equipment using multi-
ple fuels and types of HVAC-generating equipment (e.g., centrifugal
and absorption chillers) may be combined in one plant.

Temperature, Humidity, and Space Pressure Requirements.
A central system may be able to fulfill any or all of these design
parameters, typically with greater precision and efficiency than a
decentralized system.

Capacity Requirements. A central system usually allows the
design engineer to consider HVAC diversity factors that signifi-
cantly reduce installed equipment capacity. As a result, this offers
some attractive first-cost and operating-cost benefits.

Redundancy. A central system can accommodate standby
equipment that decentralized configurations may have trouble
accommodating because of cost.

Facility Management. A central system usually allows the
building manager to maximize performance using good business/
facility management techniques in operating and maintaining the
HVAC equipment and systems. Operation and maintenance are
usually handled by on-site staff, whether employees of the building
owner or outsourced building management placed on site.

Spatial Requirements. The equipment room for a central sys-
tem is normally located outside the conditioned area: in a base-
ment, penthouse, service area, or adjacent to or remote from the
building. A disadvantage of this approach may be the additional
cost to furnish and install secondary equipment for the air and/or
water distribution. Other considerations include access require-
ments and physical constraints that exist throughout the building to
the installation of the secondary distribution network of ducts and/
or pipes and for equipment replacement.

First Cost. Even with HVAC diversity, a central system may not
be less costly than decentralized HVAC systems. Historically, cen-
tral system equipment has a longer equipment service life to com-
pensate for this shortcoming. Thus, a life-cycle cost analysis is very
important when evaluating central versus decentralized systems.

Operating Cost. A central system usually has the advantage of
larger, more energy-efficient primary equipment compared to
decentralized system equipment. In addition, the availability of
multiple pieces of HVAC equipment allows staging of this equip-
ment operation to match building loads while maximizing opera-
tional efficiency.

Maintenance Cost. The equipment room for a central system
provides the benefit of being able to maintain HVAC equipment
away from occupants in an appropriate service work environment.
Access to occupant workspace is not required, thus eliminating dis-
ruption to the space environment, product, or process. Because of
the typically larger capacity of central equipment, there are usually
fewer pieces of HVAC equipment to service.

Reliability. Centralized system equipment generally has a lon-
ger service life.

Flexibility. Flexibility can be a benefit when selecting equip-
ment that provides an alternative or back-up source of HVAC.

Air Distribution Systems

The various air distribution systems, including dedicated out-
door air systems (DOAS), are detailed in Chapter 4. Any of the
preceding system types discussed within this chapter can be used
in conjunction with DOAS.
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Level of Control. Centralized air systems generally use chilled
water for cooling, and steam or hot water for heating. This usually
allows for close control of space temperature and humidity where
desired or necessary.

Sound and Vibration. Centralized air system placement should
consider the associated equipment noise and vibration and locate
machinery sufficiently remote from building occupants or noise-
sensitive processes.

Constructability. Centralized air systems usually require more
coordinated installation than decentralized systems. When reusing
an existing central air fan(s) and associated ductwork, it is important
to verify construction class remains the same or is reduced (e.g.,
increasing supply air fan capacity in a project renovation may
increase the fan construction from a Class 1 to a Class 2 construc-
tion). The same can be said when increasing airflow within an exist-
ing duct distribution system (e.g., ductwork may require
reinforcement and/or duct seams sealed airtight due to the increase in
duct static and velocity pressures).

Primary Equipment

The type of decentralized and centralized equipment selected
for buildings depends on a well-organized HVAC analysis and
selection report. The choice of primary equipment and components
depends on factors presented in the selection report (see the section
on Selecting a System). Primary HVAC equipment includes refrig-
eration equipment; heating equipment; and air, water, and steam
delivery equipment.

Many HVAC designs recover internal heat from lights, people,
and equipment to reduce the size of the heating plant. In buildings
with core areas that require cooling while perimeter areas require
heating, one of several heat reclaim systems can heat the perimeter
to save energy. Sustainable design is also important when consid-
ering recovery and reuse of materials and energy. Chapter 9
describes heat pumps and some heat recovery arrangements, Chap-
ter 37 describes solar energy equipment, and Chapter 26 introduces
air-to-air energy recovery. In the 2019 ASHRAE Handbook—
HVAC Applications, Chapter 37 covers energy management and
Chapter 42 covers building energy monitoring. Chapter 35 of the
2017 ASHRAE Handbook—Fundamentals provides information
on sustainable design, and Chapters 10 and 16 of that volume
address indoor air quality, ventilation, and infiltration in the con-
text of assessing optimum HVAC application options.

The search for energy savings has extended to cogeneration or
total energy (combined heat and power [CHP]) systems, in
which on-site power generation is added to the HVAC project. The
economic viability of this function is determined by the difference
between gas and electric rates and by the ratio of electricity to
heating demands for the project. In these systems, waste heat from
generators can be transferred to the HVAC systems (e.g., to drive
turbines of centrifugal compressors, serve an absorption chiller,
provide heating or process steam). Chapter 7 covers cogeneration
or total energy systems. Alternative fuel sources, such as waste
heat boilers, are now included in fuel evaluation and selection for
HVAC applications.

Thermal storage is another cost-saving concept, which pro-
vides the possibility of off-peak generation of chilled water or ice.
Thermal storage can also be used for storing hot water for heating.
Many electric utilities impose severe charges for peak summer
power use or offer incentives for off-peak use. Storage capacity
installed to level the summer load may also be available for use in
winter, thus making heat reclaim a viable option. Chapter 50 has
more information on thermal storage.

With ice storage, colder supply air can be provided than that
available from a conventional chilled-water system. This colder air
allows use of smaller fans and ducts, which reduces first cost and
(in some locations) operating cost. Additional pipe and duct

insulation is often required, however, contributing to a higher first
cost. These life-cycle savings can offset the first cost for storage
provisions and the energy cost required to make ice. Similarly,
thermal storage of hot water can be used for heating.

Refrigeration Equipment

Chapters 2 and 3 summarize the primary types of refrigeration
equipment for HVAC systems.

When chilled water is supplied from a central plant, as on uni-
versity campuses and in downtown areas of large cities or in large
buildings, the utility service provider should be contacted during
system analysis and selection to determine availability, cost, and
the specific requirements of the service.

Heating Equipment

Steam boilers and heating-water boilers are the primary means
of heating a space using a centralized system, as well as some
decentralized systems. These boilers may be (1) used both for
comfort and process heating; (2) manufactured to produce high- or
low-pressure steam; and (3) fired with coal, oil, electricity, gas, and
even some waste materials. Low-pressure boilers are rated for a
working pressure of 15 psig for steam, and 160 psig for water, with
a temperature limit of 250°F. Packaged boilers, with all compo-
nents and controls assembled at the factory as a unit, are available.
Electrode or resistance electric boilers that generate either steam or
hot water are also available. Chapter 32 has further information on
boilers, and Chapter 27 details air-heating coils.

Where steam, hot water, or chilled water is supplied from a cen-
tral plant, as on university campuses and in downtown areas of
large cities, the utility provider should be contacted during project
system analysis and selection to determine availability, cost, and
specific requirements of the service.

When primary heating equipment is selected, the fuels consid-
ered must ensure maximum efficiency. Chapter 31 discusses
design, selection, and operation of the burners for different types of
primary heating equipment. Chapter 28 of the 2017 ASHRAE
Handbook—Fundamentals describes types of fuel, fuel properties,
and proper combustion factors.

Air Delivery Equipment

Primary air delivery equipment for HVAC systems is classified
as packaged, manufactured and custom-manufactured, or field-
fabricated (built-up). Most air delivery equipment for large sys-
tems uses centrifugal or axial fans; however, plug or plenum fans
are often used. Centrifugal fans are frequently used in packaged
and manufactured HVAC equipment. One system rising in popu-
larity is a fan array, which uses multiple plug fans on a common
plenum wall, thus reducing unit size. Axial fans are more often
part of a custom unit or a field-fabricated unit. Both types of fans
can be used as industrial process and high-pressure blowers. Chap-
ter 21 describes fans, and Chapters 19 and 20 provide information
about air delivery components.

3. SPACE REQUIREMENTS

In the initial phase of building design, the design engineer seldom
has sufficient information to render the optimum HVAC design for
the project, and its space requirements are often based on percentage
of total area or other experiential rules of thumb. The final design is
usually a compromise between the engineer’s recommendations and
the architectural considerations that can be accommodated in the
building. An integrated project design (IPD) approach, as recom-
mended by the American Institute of Architects (AlA), can address
these problems early in the design process; also see Chapter 60 of
the 2019 ASHRAE Handbook—HVAC Applications. Other times, the
building owner may prefer either a centralized or decentralized
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system and dictate final design and space requirements. This section
discusses some of these requirements.

Equipment Rooms

Total mechanical and electrical space requirements range
between 4 and 9% of gross building area, with most buildings in
the 6 to 9% range. These ranges include space for HVAC, electri-
cal, plumbing, and fire protection equipment and may also include
vertical shaft space for mechanical and electrical distribution
through the building.

Most equipment rooms should be centrally located to (1) mini-
mize long duct, pipe, and conduit runs and sizes; (2) simplify shaft
layouts; and (3) centralize maintenance and operation. With
shorter duct and pipe runs, a central location could also reduce
pump and fan motor power requirements, which reduces building
operating costs. But, for many reasons, not all mechanical and
electrical equipment rooms can be centrally located in the building.
In any case, equipment should be kept together whenever possible
to minimize space requirements, centralize maintenance and oper-
ation, and simplify the electrical system.

Equipment rooms generally require clear ceiling height ranging
from 10 to 18 ft, depending on equipment sizes and the complexity
of air and/or water distribution.

The main electrical transformer and switchgear rooms should be
located as close to the incoming electrical service as practical. If
there is an emergency generator, it should be located considering
(1) proximity to emergency electrical loads and sources of com-
bustion and cooling air and fuel, (2) ease of properly venting
exhaust gases to the outdoors, and (3) provisions for noise control.
Noise control is generally a minor issue because equipment only
runs during emergencies.

Primary Equipment Rooms. The heating equipment room
houses the boiler(s) and possibly a boiler feed unit (for steam boil-
ers), chemical treatment equipment, pumps, heat exchangers,
pressure-reducing equipment, air compressors, and miscellaneous
ancillary equipment. The refrigeration equipment room houses the
chiller(s) and possibly chilled-water and condenser water pumps,
heat exchangers, air-conditioning equipment, air compressors,
and miscellaneous ancillary equipment, and in some cases,
direct-expansion compressors. Design of these rooms needs to
consider (1) equipment size and weight, (2) installation, mainte-
nance, and replacement, (3) applicable regulations relative to
combustion air and ventilation air, and (4) noise and vibration trans-
mission to adjacent spaces. Consult ASHRAE Standard 15 for
refrigeration equipment room safety requirements. Note that pri-
mary equipment rooms should not be located below ground or even
at ground level if the project is to be located in a designated flood
zone area, due to the potential of the equipment room being flooded.

Many air-conditioned buildings require a cooling tower or other
type of heat rejection equipment. If the cooling tower or water-
cooled condenser is located at ground level, it should be at least
100 ft away from the building to reduce tower noise in the build-
ing, and to keep discharge air and moisture carryover from fogging
the building’s windows and discoloring the building facade or from
contaminating outdoor air being introduced into the building.
Cooling towers should be kept a similar distance from parking lots
to avoid staining car finishes with atomized water treatment chem-
icals. Chapter 40 has further information on this equipment.

It is often economical to locate the heating and/or refrigeration
plant in the building, on an intermediate floor, in a roof penthouse,
or on the roof when roof space is available; air-cooled refrigeration
systems can be considered. Electrical service and structural costs
are higher, but these may be offset by reduced costs for piping,
pumps and pumping energy, and chimney requirements for fuel-
fired boilers. Also, initial cost of equipment in a tall building may
be less for equipment located on a higher floor (e.g., boilers

1.7

located in a roof penthouse of a high-rise building) because some
operating pressures may be lower.

Regulations applicable to both gas and fuel oil systems must be
followed. Gas fuel may be more desirable than fuel oil because of
the physical constraints on the required fuel oil storage tank, as
well as specific environmental and safety concerns related to oil
leaks. Also, the cost of an oil leak detection and prevention system
may be substantial. Oil pumping presents added design and operat-
ing problems, depending on location of the oil tank relative to the
oil burner.

Energy recovery systems can reduce the size of the heating and/
or refrigeration plant. The possibility of failure or the need to take
heat recovery equipment out of operation for service should be
considered in the heating plant design, to ensure the ability to heat
the building with the heating plant without heat recovery. Well-
insulated buildings and electric and gas utility rate structures may
encourage the design engineer to consider energy conservation
concepts such as limiting demand, ambient cooling, and thermal
storage.

Fan Rooms

Fan rooms house HVAC air delivery equipment and may
include other miscellaneous equipment. The room must have space
for removing the fan(s), shaft(s), coils, and filters. Installation,
replacement, and maintenance of this equipment should be consid-
ered when locating and arranging the room.

Fan rooms in a basement that has an airway for intake of out-
door air present a potential problem. Low air intakes are a security
concern, because harmful substances could easily be introduced
(see the section on Security). Debris, and in some climate zones
snow, may fill the area, resulting in safety, health, and fan perfor-
mance concerns. Parking areas close to the building’s outdoor air
intake may compromise ventilation air quality.

Fan rooms located at the perimeter wall can have intake and
exhaust louvers at the location of the fan room, subject to coordi-
nation with architectural considerations. Interior fan rooms often
require intake and exhaust shafts from the roof because of the diffi-
culty (typically caused by limited ceiling space) in ducting intake
and exhaust to the perimeter wall.

Fan rooms on the second floor and above have easier access for
outdoor and exhaust air. Depending on the fan room location,
equipment replacement may be easier. The number of fan rooms
required depends largely on the total floor area and whether the
HVAC system is centralized or decentralized. Buildings with large
floor areas may have multiple decentralized fan rooms on each or
alternate floors. High-rise buildings may opt for decentralized fan
rooms for each floor, or for more centralized service with one fan
room serving the lower 10 to 20 floors, one serving the middle
floors of the building, and one at the roof serving the top floors.

Life safety is a very important factor in HVAC fan room loca-
tion. Chapter 54 of the 2019 ASHRAE Handbook—HVAC Applica-
tions discusses fire and smoke control. State and local codes have
additional fire and smoke detection and damper criteria. Building
codes that require smoke control and building pressurization
should be accounted for in equipment selection.

Horizontal Distribution

Most decentralized and central systems rely on horizontal dis-
tribution. To accommodate this need, the design engineer needs to
take into account the duct and/or pipe distribution criteria for instal-
lation in a ceiling space or below a raised floor space. Systems
using water distribution usually require the least amount of ceiling
or raised floor depth, whereas air distribution systems have the larg-
est demand for horizontal distribution height. Steam systems need
to accommodate pitch of steam pipe, end of main drip, and conden-
sate return pipe pitch. Another consideration in the horizontal space
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cavity is accommodating the structural members, light fixtures, rain
leaders, cable trays, etc., that can fill up this space.

Vertical Shafts

Buildings over two stories high usually require vertical shafts to
consolidate mechanical (e.g., air distribution ducts and pipes),
electrical, plumbing, and telecommunication distribution through
the facility.

Air distribution includes HVAC supply, return, and exhaust air
ductwork. If a shaft is used as a return air plenum, close coordina-
tion with the architect is necessary to ensure that the shaft is air-
tight. If the shaft is used to convey outdoor air to decentralized
systems, close coordination with the architect is also necessary to
ensure that the shaft is constructed to meet mechanical code
requirements and to accommodate the anticipated internal pres-
sure. The temperature of air in the shaft must be considered when
using the shaft enclosure to convey outdoor air. Pipe distribution
includes heating, chilled, and condenser water, and steam supply
and condensate return. It may also include fuel oil and gas pump-
ing. Other distribution systems found in vertical shafts or located
vertically in the building include electric conduits/bus ducts/clos-
ets, telephone cabling/closets, uninterruptible power supply
(UPS), plumbing, fire protection piping, pneumatic tubes, and
conveyers.

Vertical shafts should not be adjacent to stairs, electrical closets,
and elevators unless at least two sides are available to allow access
to ducts, pipes, and conduits that enter and exit the shaft while
allowing maximum headroom at the ceiling. In general, duct shafts
with an aspect ratio of 2:1 to 4:1 are easier to develop than large
square shafts. The rectangular shape also facilitates transition from
the equipment in the fan rooms to the shafts. In addition, signifi-
cant space is required for motorized and fire/smoke dampers when
ducts leave shafts.

In multistory buildings, a central vertical distribution system
with minimal horizontal branch ducts is desirable. This arrange-
ment (1) is usually less costly; (2) is easier to balance; (3) creates
less conflict with pipes, beams, and lights; and (4) enables the
architect to design lower floor-to-floor heights. These advantages
also apply to vertical water and steam pipe distribution systems.

The number of shafts is a function of building size and shape. In
larger buildings, it is usually more economical in cost and space to
have several small shafts rather than one large shaft. Separate
HVAC supply, return, and exhaust air duct shafts may be desirable
to reduce the number of duct crossovers. The same applies for
steam supply and condensate return pipe shafts because the pipe
must be pitched in the direction of flow.

When future expansion is a consideration, a pre-agreed percent-
age of additional shaft space should be considered for inclusion.
This, however, affects the building’s first cost because of the addi-
tional floor space that must be constructed. The need for access
doors into shafts and gratings at various locations throughout the
height of the shaft should also be considered.

Rooftop Equipment

For buildings three stories or less, system analysis and selection
frequently locates HVAC equipment on the roof or another outdoor
location, where the equipment is exposed to the weather. Decen-
tralized equipment and systems are sometimes more advantageous
than centralized HVAC for smaller buildings, particularly those
with multiple tenants with different HVAC needs. Selection of
rooftop equipment is usually driven by first cost versus operating
cost and/or maximum service life of the equipment. For buildings
with larger floor plates, centralized equipment may be advanta-
geous and should be considered.

Equipment Access

Properly designed mechanical and electrical equipment rooms
must allow for movement of large, heavy equipment in, out, and
through the building. If a building is being renovated for another
application, floor loading should be assessed to determine whether
heavier equipment can be installed on the existing floor. Equip-
ment replacement and maintenance can be very costly if access is
not planned properly. Access to rooftop equipment should be by
means of, at a minimum, a ship’s ladder and not by a vertical lad-
der, taking into account a technician carrying boxes of replacement
filters. Use caution when accessing equipment on sloped roofs.

Because systems vary greatly, it is difficult to estimate space
requirements for refrigeration and boiler rooms without making
block layouts of the system selected. Block layouts allow the
design engineer to develop the most efficient arrangement of the
equipment with adequate access and serviceability. Block layouts
can also be used in preliminary discussions with the owner and
architect. Only then can the design engineer verify the estimates
and provide a workable and economical design.

4. AIRDISTRIBUTION

Ductwork should deliver conditioned air to an area as directly,
quietly, and economically as possible. Structural features of the
building generally require some compromise and often limit the
depth of space available for ducts. Chapter 10 discusses air distri-
bution design for small heating and cooling systems. Chapters 20
and 21 of the 2017 ASHRAE Handbook—Fundamentals discuss
space air distribution and duct design.

The design engineer must coordinate duct layout with the struc-
ture as well as other mechanical, electrical, plumbing, and commu-
nication systems. In commercial projects, the design engineer is
usually encouraged to reduce floor-to-floor dimensions: with the
resulting decrease in available interstitial space, depth for ducts is a
major design challenge. In institutional and information technol-
ogy buildings, higher floor-to-floor heights are required because
of the sophisticated, complex mechanical, electrical, and commu-
nication distribution systems.

Exhaust systems, especially those serving fume exhaust, grease
exhaust, dust and/or particle collection, and other process exhaust,
require special design considerations. Capture velocity, duct mate-
rial, and pertinent duct fittings and fabrication are a few of the
design parameters necessary for this type of distribution system to
function properly, efficiently, and per applicable codes. See Chap-
ters 15 to 33 of the 2019 ASHRAE Handbook—HVAC Applications
for additional information on industrial applications.

Air Terminal Units

In some instances, such as in low-velocity, all-air systems, air
may enter from the supply air ductwork directly into the condi-
tioned space through a grille, register, or diffuser. In medium- and
high-velocity air systems, an intermediate device normally con-
trols air volume, reduces air pressure from the duct to the space, or
both. Various types of air terminal units are available, including (1)
a fan-powered terminal unit, which uses an integral fan to mix ceil-
ing plenum air and primary air from the central or decentralized
fan system rather than depending on induction (mixed air terminal
unit) delivering to low-pressure ductwork and then to the space);
(2) a variable-air-volume (VAV) terminal unit, which varies the
amount of air delivered to the space (this air may be delivered to
low-pressure ductwork and then to the space, or the terminal may
contain an integral air diffuser); or (3) other in-room terminal type
(see Chapter 5). Chapter 20 has more information about air termi-
nal units.

See Chapters 20 and 21 of the 2017 ASHRAE Handbook—Fun-
damentals for information on space air diffusion and duct design.
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Duct Insulation

In new construction and renovation upgrade projects, HVAC
supply air ducts should be insulated and sealed in accordance with
energy code requirements. ASHRAE Standard 90.1 and Chapter
23 of the 2017 ASHRAE Handbook—Fundamentals have more
information about insulation and calculation methods.

Ceiling and Floor Plenums

Frequently, the space between the suspended ceiling and the
floor slab above it is used as a return air plenum to reduce distribu-
tion ductwork. Check regulations before using this approach in
new construction or renovation because most codes prohibit com-
bustible material in a ceiling return air plenum. Ceiling plenums
and raised floors can also be used for supply air displacement sys-
tems to minimize horizontal distribution, along with other features
discussed in Chapter 4.

Some ceiling plenum applications with lay-in panels do not
work well where the stack effect of a high-rise building or high-
rise elevators creates a negative pressure. If the plenum leaks to the
low-pressure area, tiles may lift and drop out when the outside
door is opened and closed.

The air temperature in a return air plenum directly below a roof
deck is usually higher by 3 to 5°F during the air-conditioning sea-
son than in a ducted return. This can be an advantage to
the occupied space below because heat gain to the space is
reduced. Conversely, return air plenums directly below a roof deck
have lower return air temperatures during the heating season than a
ducted return and may require supplemental heat in the plenum.

Using a raised floor for air distribution is popular for computer
rooms and cleanrooms, and is now being used in other HVAC
applications. Underfloor air displacement (UFAD) systems in
office buildings use the raised floor as a supply air plenum, which
could reduce overall first cost of construction and ongoing
improvement costs for occupants. Making the underfloor supply
air plenum as airtight as possible is critical to the success of this
type of plenum. This UFAD system improves air circulation to the
occupied area of the space. See Chapter 20 of the 2019 ASHRAE
Handbook—HVAC Applications and Chapter 20 of the 2017
ASHRAE Handbook—Fundamentals for more information on dis-
placement ventilation and underfloor air distribution.

5. PIPEDISTRIBUTION

Piping should deliver refrigerant, heating water, chilled water,
condenser water, fuel oil, gas, steam, and condensate drainage and
return to and from HVAC equipment as directly, quietly, and eco-
nomically as possible. Structural features of the building generally
require mechanical and electrical coordination to accommodate
P-traps, pipe pitch-draining of low points in the system, and vent-
ing of high points. When assessing application of pipe distribution
to air distribution, the floor-to-floor height requirement can influ-
ence the pipe system: it requires less ceiling space to install pipe
when compared to air ductwork. An alternative to horizontal pip-
ing is vertical pipe distribution, which may further reduce floor-to-
floor height criteria. See Chapter 22 of the 2017 ASHRAE Hand-
book—Fundamentals for pipe sizing.

Pipe Systems

HVAC piping systems can be divided into two parts: (1) piping
in the central plant equipment room and (2) piping required to
deliver refrigerant, heating water, chilled water, condenser water,
fuel oil, gas, steam, and condensate drainage and return to and from
decentralized HVAC and process equipment throughout the build-
ing. Chapters 11 to 15 discuss piping for various heating and cool-
ing systems. Chapters 1 to 4 of the 2018 ASHRAE Handbook—
Refrigeration discuss refrigerant system design and practices.
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Pipe Insulation

In new construction and renovation projects, most HVAC piping
must be insulated. ASHRAE Standard 90.1 and Chapter 23 of the
2017 ASHRAE Handbook—Fundamentals have information on
insulation and calculation methods. In most applications, water-
source heat pump loop piping and condenser water piping may not
need to be insulated.

6. SECURITY AND ENVIRONMENTAL HEALTH
AND SAFETY

Since September 11, 2001, much attention has been given to
protecting buildings against terrorist attacks via their HVAC sys-
tems. The first consideration should be to perform a risk assess-
ment of the particular facility, which may be based on usage, size,
population, and/or significance. The risk assessment is a subjective
judgment by the building owner (and sometimes by a registered/
certified security professional) of whether the building is at low,
medium, or high risk. An example of low-to-medium risk build-
ings may be suburban office buildings, shopping malls, hospitals,
educational institutions, or major office buildings. High-risk build-
ings may include major government buildings. The level of protec-
tion designed into these buildings may include enhanced
particulate filtration, gaseous-phase filtration, and various control
schemes to allow purging of the facility using either the HVAC
system or an independent dedicated system.

Enhanced particulate filtration for air-handling systems to the
level of MERV 14 to 16 filters not only tends to reduce circulation
of dangerous substances (e.g., anthrax), but also provides better
indoor air quality (IAQ). Gaseous-phase filtration can remove
harmful substances such as sarin and other gaseous threats. For
buildings of all risk levels, consideration should be taken to
include proper location of outdoor air intakes to account for other
security concerns, such as toxic fumes from a local accident (e.g.,
punctured tank from a nearby railroad car or tanker truck). The
extent to which the HVAC system designer should use these mea-
sures could depend on the recommendations of an experienced
security and environmental health and safety consultant or agency.

In any building, consideration should be given to protecting out-
door air intakes against insertion of dangerous materials by locat-
ing the intakes on the roof or substantially above grade level.
Separate systems for mailrooms, loading docks, and other similar
spaces should be considered so that any dangerous material
received cannot be spread throughout the building from these types
of vulnerable spaces. Emergency ventilation systems for these
types of spaces should be designed so that upon detection of suspi-
cious material, toxic fumes, or chemical spill, these spaces can be
quickly purged and maintained at a negative pressure.

A more extensive discussion of this topic can be found in
ASHRAE’s Guideline 29. Note, however, that fan energy required
to move air through these high efficiency filters is very significant.

7. AUTOMATIC CONTROLS AND BUILDING
MANAGEMENT SYSTEMS

Basic HVAC system controls are primarily direct digital con-
trols (DDC), but there are also electric, electronic, and pneumatic
controls (found largely as part of existing building HVAC sys-
tems).Depending on the application, the design engineer may rec-
ommend a simple and basic system strategy as a cost-effective
solution to an owner’s heating, ventilation, and cooling needs.
Chapter 48 of the 2019 ASHRAE Handbook—HVAC Applications
and Chapter 7 of the 2017 ASHRAE Handbook—Fundamentals
discuss automatic control in more detail.

The next level of HVAC system management is DDC wireless
systems. Many DDC installations will use either pneumatic or
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electric control damper and valve actuators. This automatic control
enhancement may include energy monitoring and energy manage-
ment software. Controls may also be accessible by the building
manager using a modem to a remote computer at an off-site loca-
tion or via a smartphone or tablet computer with Internet connec-
tion to the control system. Building size has little to no effect on
modern computerized controls: programmable controls can be fur-
nished on the smallest HVAC equipment for the smallest projects.
Chapter 43 of the 2019 ASHRAE Handbook—HVAC Applications
covers building operating dynamics.

Automatic controls often come prepackaged and prewired on the
HVAC equipment, creating a design challenge to have the equip-
ment communicate with a third party building automation system
(BAS). Current HVAC controls and their capabilities need to be
compatible with other new and existing automatic controls. Chapter
41 of the 2019 ASHRAE Handbook—HVAC Applications discusses
computer applications, and ASHRAE Standard 135 discusses inter-
facing building automation systems. Furthermore, compatibility
with BACnet® and/or LonWorks® provides an additional level of
compatibility between equipment made by numerous manufacturers.

Using computers and proper software, the design engineer and
building manager can provide complete facility management, as
well as remote facility management. A comprehensive building
management system (BMS) may include HVAC system control,
energy management, operation and maintenance management,
medical gas system monitoring, fire alarm system, security system,
lighting control, and other reporting and trending software. This
system may also be integrated and accessible from the owner’s
computer network and the Internet.

The automatic control system can be as simple as a time clock to
start and stop equipment, or as sophisticated as computerized build-
ing automation serving a decentralized HVAC system, multiple
building systems, central plant system, and/or a large campus. With
a focus on energy management, the building management system
can be an important business tool in achieving sustainable facility
management that begins with using the system selection matrix.

8. MAINTENANCE MANAGEMENT

Whereas BMS focus on operation of HVAC, electrical, plumb-
ing, and other systems, maintenance management systems focus on
maintaining assets, which include mechanical and electrical sys-
tems along with the building structure. A rule of thumb is that only
about 20% of the cost of the building is in the first cost, with the
other 80% being operation, maintenance, and rejuvenation of the
building and building systems over the life cycle. When considering
the optimum HVAC selection and recommendation at the start of a
project, a maintenance management system should be considered
for HVAC systems with an estimated long useful service life.

Another maintenance management business tool is a computer-
ized maintenance management software (CMMS) system. The
CMMS system can include an equipment database, parts and
material inventory, project management software, labor records,
etc., pertinent to sustainable management of the building over its
life. CMMS also can integrate computer-aided drawing (CAD),
building information modeling (BIM), digital photography and
audio/video systems, equipment run-time monitoring and trending,
and other proactive facility management systems.

In scoring the HVAC system selection matrix, consideration
should also be given to the potential for interface of the BMS with
the CMMS. In addition, onboard equipment diagnostics and
remote troubleshooting capabilities as part of considering the opti-
mum HVAC selection.

Planning in the design phase and the early compilation of record
documents (e.g., computer-aided drawing and electronic text files,
checklists, digital photos taken during construction) are also
integral to successful building management and maintenance. The
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use of bar coding equipment, valves, etc. can link them to the
CMMS via an Internet accessed scanner.

9. BUILDING SYSTEM COMMISSIONING

When compiling data to complete the HVAC system selection
matrix to analytically determine the optimum HVAC system for the
project, a design engineer should begin to produce the design intent
document/basis of design that identifies the project goals. This pro-
cess is the beginning of building system commissioning and should
be an integral part of the project documentation. As design pro-
gresses and the contract documents take shape, the commissioning
process continues to be built into what eventually becomes the final
commissioning report, approximately one year after the construc-
tion phase has been completed and the warranty phase comes to an
end. For more information, see Chapter 44 in the 2019 ASHRAE
Handbook—HVAC Applications or ASHRAE Guideline 1.1.

Building commissioning contributes to successful sustainable
HVAC design by incorporating the system training requirements
necessary for building management staff to efficiently take over
ownership, operation, and maintenance of the HVAC systems over
the installation’s useful service life.

Building system commissioning is often contracted directly by
an owner and is required by many standards to achieve peak build-
ing system performance. Review in the design phase of a project
should consider both commissioning and air and water balancing,
which should continue through the construction and warranty
phases. For additional information, refer to ASHRAE Guideline 0.

With building certification programs (e.g., ASHRAE’s bEQ,
LEED®), commissioning is a prerequisite because of the impor-
tance of ensuring that high-performance energy and environmental
designs are long-term successes.
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OR MOST small to mid-sized installations, decentralized cool-
ing and heating is usually preferable to a centralized system (see
Chapter 3). Frequently classified as packaged unit systems (although
many are far from being a single packaged unit), decentralized sys-
tems can be found in almost all classes of buildings. They are espe-
cially suitable for smaller projects with no central plant, where low
initial cost and simplified installation are important. These systems
are installed in office buildings, shopping centers, manufacturing
plants, schools, health care facilities, hotels, motels, apartments,
nursing homes, and other multiple-occupancy dwellings. They are
also suited to air conditioning existing buildings with limited life or
income potential. Applications also include facilities requiring spe-
cialized high performance levels, such as computer rooms and
research laboratories.
Although some of the equipment addressed here can be applied as
a single unit, this chapter covers applying multiple units to form a
complete heating and air-conditioning system for a building and the
distribution associated with some of these systems. For guidance on
HVAC system selection, see Chapter 1.

1. SYSTEM CHARACTERISTICS

Decentralized systems can be one or more individual HVAC
units, each with an integral refrigeration cycle, heating source, and
direct or indirect outdoor air ventilation. Components are factory-
designed and assembled into a package that includes fans, filters,
heating source, cooling coil, refrigerant compressor(s), controls,
and condenser. Equipment is manufactured in various configura-
tions to meet a wide range of applications. Examples of decentral-
ized HVAC equipment include the following:

Window air conditioners

Through-the-wall room HVAC units
Air-cooled heat pump systems

Water-cooled heat pump systems
Multiple-unit systems

Residential and light commercial split systems
Self-contained (floor-by-floor) systems
Outdoor package systems

Packaged, special-procedure units (e.g., for computer rooms)
Single-zone variable-air-volume systems
Variable-refrigerant-flow systems

For details on window air conditioners and through-the-wall
units, see Chapter 49. For variable-refrigerant-flow systems, see
Chapter 18; the other examples listed here are discussed further in
Chapter 48. (Multiple-unit systems are also covered in Chapter 4.)

Commercial-grade unitary equipment packages are available
only in preestablished increments of capacity with set performance

The preparation of this chapter is assigned to TC 9.1, Large Building Air-
Conditioning Systems.
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parameters, such as the sensible heat ratio at a given room condition
or the airflow per ton of refrigeration capacity. Components are
matched and assembled to achieve specific performance objectives.
These limitations make manufacture of low-cost, quality-controlled,
factory-tested products practical. For a particular kind and capacity
of unit, performance characteristics vary among manufacturers. All
characteristics should be carefully assessed to ensure that the equip-
ment performs as needed for the application. Several trade associa-
tions have developed standards by which manufacturers may test
and rate their equipment. See Chapters 48 and 49 for more specific
information on pertinent industry standards and on decentralized
cooling and heating equipment used in multiple-packaged unitary
systems.

Large commercial/industrial-grade packaged equipment can be
custom-designed by the factory to meet specific design conditions
and job requirements. This equipment carries a higher first cost and
is not readily available in smaller sizes.

Self-contained units, often called rooftop units, can use multiple
compressors to control refrigeration capacity. For variable-air-
volume (VAV) systems, compressors are turned on or off or unloaded
to maintain discharge air temperature. Variable-speed compressors
can be factory integrated for close control. As zone demand de-
creases, the temperature of air leaving the unit can often be reset up-
ward so that a minimum ventilation rate is maintained.

Multiple packaged-unit systems for perimeter spaces are fre-
quently combined with a central all-air or floor-by-floor system.
These combinations can provide better humidity control, air purity,
and ventilation than packaged units alone. Air-handling systems
may also serve interior building spaces that cannot be conditioned by
wall or window-mounted units.

Water-source heat pump systems often combine packaged units
(heat pumps) with a central piping system for heat rejection and heat
gain. These systems require heat rejection equipment (ground source
or cooling tower) and heat source (ground source or boiler) provided
separately from the packaged heat pump.

Heating can be included in a packaged unit. Gas heat exchangers
or electric heat coils can be provided. Heat can be turned on or off in
stages to meet zone demands. In some applications, heat from a cen-
tralized source, like a boiler system, is combined with decentralized
packaged units, and steam or hot-water coils can be factory mounted
in packaged units for connection to local piping systems.

For supplementary data on air-side design of decentralized sys-
tems, see Chapter 4.

Advantages

« Heating and cooling can be provided at all times, independent of
the mode of operation of other building spaces.

» Manufacturer-matched components have certified ratings and per-
formance data.

» Assembly by a manufacturer helps ensure better quality control
and reliability.
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Manufacturer instructions and multiple-unit arrangements sim-
plify installation through repetition of tasks.

« Only one zone of temperature control is affected if equipment
malfunctions.

The equipment is readily available.

Multiple vendors manufacture similar equipment, providing mul-
tiple sources.

One manufacturer is responsible for the final equipment package.
For improved energy control, equipment serving vacant spaces
can be turned off locally or from a central point, without affecting
occupied spaces.

System operation is simple. Trained operators are not usually
required.

Less mechanical and electrical room space is required than with
central systems.

Initial cost is usually low.

Equipment can be installed to condition one space at a time as a
building is completed, remodeled, or as individual areas are occu-
pied, with favorable initial investment.

Energy can be metered directly to each tenant.

« Air- or water-side economizers may be applicable based on the
unit capacity, depending on type of decentralized system used.
High-efficiency units with advanced controls are available from
several manufacturers.

.

Disadvantages

« Performance options may be limited because airflow, cooling coil
size, and condenser size are often fixed. Variable-speed fan and
compressor control may be available.

Larger total building installed cooling capacity is usually required
because diversity factors used for moving cooling needs do not
apply to multiple dedicated packages.

Temperature and humidity control may be less stable, especially
with mechanical cooling at very low loads.

Standard commercial units are not generally suited for large per-
centages of outdoor air or for close humidity control. Custom or
special-purpose equipment, such as packaged units for computer
rooms, hot-gas reheat for dehumidification, or large custom units,
may be required.

Energy use is usually greater than for central systems if efficiency
of the unitary equipment is less than that of the combined central
system components.

« Low-cost cooling by economizers may not be available or practi-
cal.

Air distribution design may be limited by fan capacity available.
Operating sound levels can be high, and noise-producing machin-
ery is often closer to building occupants than with central systems.
Ventilation capabilities may be limited by equipment selection
and design.

Equipment can make the building less aesthetically pleasing.
Air filtration options may be limited.

Discharge temperature varies because of on/off or step control.
Condensate drain is required with each air-conditioning unit.
Maintenance may be difficult or costly because of multiple pieces
of equipment and their location.

3
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2. DESIGN CONSIDERATIONS

Rating classifications and typical sizes for equipment addressed
in this chapter can be found in Chapters 48 and 49, which also
address available components, equipment selection, distribution
piping, and ductwork.

Selection of a decentralized system should follow guidance pro-
vided in Chapter 1. The design engineer can use the HVAC system
analysis selection matrix to analytically assess and select the opti-
mum decentralized system for the project. Combined with the

design criteria in Chapters 48 and 49, the basis of design can be doc-
umented.

Unlike centralized cooling and heating equipment, capacity
diversity is limited with decentralized equipment, because each
piece of equipment must be sized for peak capacity.

For indoor decentralized refrigeration systems, each refrigera-
tion system must be treated independently with regard to compli-
ance with ASHRAE Standard 15 requirements; this may complicate
individual mechanical room exhaust and air exchange.

Noise from this type of equipment may be objectionable and
should be checked to ensure it meets sound level requirements. Chap-
ter 49 of the 2019 ASHRAE Handbook—HVAC Applications has
more information on HVAC-related sound and vibration concerns.

Decentralized packaged equipment requires design consider-
ation because the building structure must support the units: a typical
full compressorized package unit weighs more than a similarly
sized air-handling-only system.

When packaged units are located outdoors, designers must con-
sider weather conditions and accommodate rain, snow, or high
winds. Outdoor packaged units can conveniently be provided with
integrated outdoor air intakes or air economizers. Gas-fired fur-
naces on outdoor package units can be vented directly from the unit.

When packaged units are located indoors, the designer must con-
sider a separate source for ventilation air and/or economizer. Gas
heat might be limited by combustion air source and available flue
pathways. When split-system packaged units are used, design lim-
itations for refrigerant piping and distances must be considered.

Design must consider noise generated by packaged unit’s com-
pressors, fans, or both. Units mounted on roofs should not be located
above sound-sensitive spaces, such as conference rooms or sleeping
areas. Units inside the building might require enclosure in a mechan-
ical room or closets with sound-absorbing wall construction.

Decentralized units require electric and/or gas to each location.
Designers must consider building type and installation costs for the
utilities in addition to the HVAC system cost.

Air-Side Economizer

With some decentralized systems, an air-side economizer is an
option, if not an energy code requirement (check state code for cri-
teria). The air-side economizer uses cool outdoor air to either assist
mechanical cooling or, if the outdoor air is cool enough, provide to-
tal cooling. It requires a mixing box designed to allow 100% of the
supply air to be drawn from the outdoors. See Chapter 43 in the
2019 ASHRAE Handbook—HVAC Applications for additional in-
formation on control of economizer cooling. Decentralized systems
can be selected with a field-installed accessory that includes an out-
door air damper, relief damper, return air damper, filter, actuator,
and linkage. Controls are usually a factory-installed option. Damp-
ers must be the low-leakage type.

Self-contained units usually do not include return air fans. A
barometric relief, fan-powered relief fan, or return/exhaust fan may
be provided as an air-side economizer. The relief fan is off and dis-
charge/exhaust dampers are closed when the air-side economizer is
inactive.

Advantages

Substantially reduces compressor, cooling tower, and condenser
water pump energy requirements, generally saving more energy
than a water-side economizer.

 Has a lower air-side pressure drop than a water-side economizer.
* Reduces tower makeup water and related water treatment.

» May improve indoor air quality by providing large amounts of
outdoor air during mild weather.
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Disadvantages

¢ In systems with larger return air static pressure requirements,
return or exhaust fans are needed to properly exhaust building air
and take in outdoor air.

« If the unit’s leaving air temperature is also reset up during the air-
side economizer cycle, humidity control problems may occur and
the fan may use more energy, unless a return air humidity sensor
resets the supply air discharge temperature.

« Humidification may be required during winter.

» More and/or larger air intake louvers, ducts, or shafts may be
required for indoor package units.

Water-Side Economizer

The water-side economizer is another option for reducing energy
use. ASHRAE Standard 90.1 addresses its application, as do some
state energy codes. The water-side economizer consists of a water
coil in a self-contained unit upstream of the direct-expansion cool-
ing coil. All economizer control valves, piping between economizer
coil and condenser, and economizer control wiring can be factory
installed. This applies typically for indoor packaged compressor
units using a water loop for heat rejection.

The water-side economizer uses the low cooling tower or evap-
orative condenser water temperature to either (1) precool entering
air, (2) assist mechanical cooling, or (3) provide total system cool-
ing if the cooling water is cold enough. If the economizer is unable
to maintain the air-handling unit’s supply air or zone set point, fac-
tory-mounted controls integrate economizer and compressor opera-
tion to meet cooling requirements. For constant condenser water
flow control using a economizer energy recovery coil and the unit
condenser, two control valves are factory-wired for complementary
control, with one valve driven open while the other is driven closed.
This keeps water flow through the condenser relatively constant. In
variable-flow control, condenser water flow varies during unit oper-
ation. The valve in bypass/energy recovery loop is an on/off valve
and is closed when the economizer is enabled. Water flow through
the economizer coil is modulated by its automatic control valve,
allowing variable cooling water flow as cooling load increases
(valve opens) and reduced flow on a decrease in cooling demand. If
the economizer is unable to satisfy the cooling requirements, fac-
tory-mounted controls integrate economizer and compressor opera-
tion. In this operating mode, the economizer valve is fully open.
When the self-contained unit is not in cooling mode, both valves are
closed. Reducing or eliminating cooling water flow reduces pump-
ing energy.

Advantages

« Compressor energy is reduced by precooling entering air. Often,
building load can be completely satisfied with an entering con-
denser water temperature of less than 55°F. Because the wet-bulb
temperature is always less than or equal to the dry-bulb tempera-
ture, a lower discharge air temperature is often available.

« Building humidification does not affect indoor humidity by intro-
ducing outdoor air.

» No external wall penetration is required for exhaust or outdoor air
ducts.

« Controls are less complex than for air-side economizers, because
they are often inside the packaged unit.

¢ The coil can be mechanically cleaned.

« More net usable floor area is available because large outdoor and
relief air ducts are unnecessary.

Disadvantages
« Cooling tower water treatment cost is greater.

¢ Cooling tower water usage is greater due to blowdown require-
ments.

2.3

 Air-side pressure drop may increase with the constant added
resistance of an economizer coil in the air stream.

« Condenser water pump pressure may increase slightly.

« The cooling tower must be designed for winter operation (see
Chapter 40).

* The increased operation (including in winter) required of the
cooling tower may reduce its life.

3. WINDOW-MOUNTED AND THROUGH-THE-
WALL ROOM HVAC UNITS

Window air conditioners (air-cooled room conditioners) and
through-the-wall room air conditioners with supplemental heating
are designed to cool or heat individual room spaces. Window units
are used where low initial cost, quick installation, and other oper-
ating or performance criteria outweigh the advantages of more
sophisticated systems. Room units are also available in through-the-
wall sleeve mountings. Sleeve-installed units are popular in low-cost
apartments, motels, and homes. Ventilation can be through operable
windows or limited outdoor air ventilation introduced through the
self-contained room HVAC unit. These units are described in more
detail in Chapter 49.

Window units may be used as auxiliaries to a central heating or
cooling system or to condition selected spaces when the central sys-
tem is shut down. These units usually serve only part of the spaces
conditioned by the basic system. Both the basic system and window
units should be sized to cool the space adequately without the other
operating.

A through-the-wall air-cooled room air conditioner is designed
to cool or heat individual room spaces. Design and manufacturing
parameters vary widely. Specifications range from appliance grade
through heavy-duty commercial grade, the latter known as pack-
aged terminal air conditioners (PTACs) or packaged terminal heat
pumps (PTHPs) (AHRI Standard 310/380). With proper mainte-
nance, manufacturers project an equipment life of 10 to 15 years for
these units.

More sophisticated through-the-wall units are available for
school applications to replace heat-only unit ventilators with heat-
ing and cooling unit ventilators. These applications may have steam
or hot-water coils incorporated. Typically, packaged control sys-
tems provide control of outdoor ventilation, economizer, or com-
pressor operation as required.

Advantages

« Lowest first cost HVAC system.

« Installation of in-room unit is simple. It usually only requires an
opening in the wall or displacement of a window to mount the
unit, and connection to electrical power.

« Equipment is often available from stock.

* Generally, the system is well-suited to spaces requiring many
zones of individual temperature control.

« Designers can specify electric, hydronic, or steam heat or use an
air-to-air heat pump design.

« Service of in-room equipment can be quickly restored by replac-
ing a defective chassis.

« Ductwork or air distribution systems are not required.

Disadvantages

« Equipment life may be less than for large central equipment, typ-
ically 10 to 15 years, and units are built to appliance standards,
rather than building equipment standards.

< Energy use may be relatively high.

 Direct access to outdoor air is needed for condenser heat rejec-
tion; thus, these units cannot be used for interior rooms.

¢ The louver and wall box must stop wind-driven rain from collect-
ing in the wall box and leaking into the building.
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The wall box should drain to the outdoor, which may cause drip-
ping on walls, balconies, or sidewalks.

Temperature control is usually two-position, which causes swings
in room temperature.

Ventilation capabilities are fixed by equipment design.
Economizer is limited.

Humidification, when required, must be provided by separate
equipment.

Noise and vibration levels vary considerably and are not generally
suitable for sound-critical applications.

Routine maintenance of a large number of units is required to
maintain capacity. Condenser and cooling coils must be cleaned,
and filters must be changed regularly.

« Discharge air location limited to unit location.

Design Considerations

A through-the-wall or window-mounted air-conditioning unit
incorporates a complete air-cooled refrigeration and air-handling sys-
tem in an individual package. Each room is an individual occupant-
controlled zone. Cooled or warmed air is discharged in response to
thermostatic control to meet room requirements (see the discussion
on controls following in this section).

Each PTAC or PTHP has a self-contained, air-cooled direct-
expansion or heat pump cooling system; a heating system (electric,
hot water, steam, and/or a heat pump cycle); and controls. See Fig-
ure 3 in Chapter 49 for unit configuration.

A through-the-wall air conditioner or heat pump system is
installed in buildings requiring many temperature control zones
such as office buildings, motels and hotels, apartments and dormi-
tories, schools and other education buildings, and areas of nursing
homes or hospitals where air recirculation is allowed.

These units can be used for renovation of existing buildings,
because existing heating systems can still be used. The equipment
can be used in both low- and high-rise buildings. In buildings where
a stack effect is present, use should be limited to areas that have
dependable ventilation and a tight wall of separation between the
interior and exterior.

Room air conditioners are often used in parts of buildings pri-
marily conditioned by other systems, especially where spaces to be
conditioned are (1) physically isolated from the rest of the building
and (2) occupied on a different time schedule (e.g., clergy offices in
a church, ticket offices in a theater).

Ventilation air through each terminal may be inadequate in many
situations, particularly in high-rise structures because of the stack
effect. Chapter 16 of the 2017 ASHRAE Handbook—Fundamentals
explains combined wind and stack effects. Electrically operated
outdoor air dampers, which close automatically when the equip-
ment is stopped, can reduce heat losses in winter.

Refrigeration Equipment. Room air conditioners are gener-
ally supplied with hermetic reciprocating or scroll compressors.
Capillary tubes are used in place of expansion valves in most units.

Some room air conditioners have only one motor to drive both
the evaporator and condenser fans. The unit circulates air through
the condenser coil whenever the evaporator fan is running, even
during the heating season. Annual energy consumption of a unit
with a single motor is generally higher than one with a separate
motor, even when the energy efficiency ratio (EER) or the coeffi-
cient of performance (COP) is the same for both. Year-round, con-
tinuous flow of air through the condenser increases dirt
accumulation on the coil and other components, which increases
maintenance costs and reduces equipment life.

Because through-the-wall conditioners are seldom installed with
drains, they require a positive and reliable means of condensate dis-
posal. Conditioners are available that spray condensate in a fine mist
over the condenser coil. These units dispose of more condensate
than can be developed without any drip, splash, or spray. In heat

pumps, provision must be made for disposal of condensate gener-
ated from the outdoor coil during defrost.

Many air-cooled room conditioners experience evaporator icing
and become ineffective when outdoor temperatures fall below about
65°F. Units that ice at a lower outdoor temperature may be required
to handle the added load created by high lighting levels and high
solar radiation found in contemporary buildings.

Heating Equipment. The air-to-air heat pump cycle described
in Chapter 48 is available in through-the-wall room air conditioners.
Application considerations are similar to conventional units without
the heat pump cycle, which is used for space heating when the out-
door temperature is above 35 to 40°F.

The prime advantage of the heat pump cycle is that it reduces
annual energy consumption for heating. Savings in heat energy over
conventional electric heating ranges from 10 to 60%, depending on
the climate.

In some applications, when steam or hot water heat is used,
designers should consider piping isolation to allow removal of the
units’ chassis for service and repair.

Electric resistance elements supply heating below this level and
during defrost cycles.

Controls. All controls for through-the-wall air conditioners are
included as a part of the conditioner. The following control config-
urations are available:

» Thermostat control is either unit-mounted or remote wall-
mounted.
Motel and hotel guest room controls allow starting and stopping
units from a central point.
Occupied/unoccupied controls (for occupancies of less than
24 h) start and stop the equipment at preset times with a time
clock. Conditioners operate normally with the unit thermostat
until the preset cutoff time. After this point, each conditioner has
its own reset control, which allows the occupant of the condi-
tioned space to reset the conditioner for either cooling or heating,
as required.
Master/slave control is used when multiple conditioners are
operated by the same thermostat.
Emergency standby control allows a conditioner to operate
during an emergency, such as a power failure, so that the room-
side blowers can operate to provide heating. Units must be spe-
cially wired to allow operation on emergency generator circuits.
* BACnet™ integration is generally available for multiple instal-
lations to improve automation (see ASHRAE Standard 135). A
building automation system (BAS) allows more sophisticated
unit control by time-of-day scheduling, optimal start/stop, duty
cycling, demand limiting, custom programming, etc. This control
can keep units operating at peak efficiency by alerting the opera-
tor to conditions that could cause substandard performance.

When several units are used in a single space, controls should be
interlocked to prevent simultaneous heating and cooling. In com-
mercial applications (e.g., motels), centrally operated switches can
de-energize units in unoccupied rooms.

4. WATER-SOURCE HEAT PUMP SYSTEMS

Water-source heat pump systems use multiple cooling/heating
units distributed throughout the building. For more in-depth discus-
sion of water-source heat pumps, see Chapters 9 and 48. Outdoor air
ventilation requires either direct or indirect supply air from an addi-
tional air-handling system.

Designed to cool and heat individual rooms or multiple spaces
grouped together by zone, water-source heat pumps may be
installed along the perimeter with a combination of horizontal and
vertical condenser water piping distribution, or stacked vertically
with condenser water piping also stacked vertically to minimize
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equipment space effects on the rooms they serve. They can also be
ceiling mounted or concealed above the ceiling with duct distribu-
tion to the area served.

Water-source heat pump systems can transfer energy within the
system by using the common water loop. Units on sunny exposures
in cooling mode add heat to the water loop, from which units in
heating modes can draw heat. Water-source heat pump systems also
require further decentralized equipment that includes a source of
heat rejection such as a cooling tower or groundwater installation. A
water distribution piping system with pumps is required. A supple-
mental heating source such as a boiler may be required, depending
on the installation’s location (e.g., in colder winter climates). Data
on condenser water systems and the necessary heat rejection equip-
ment can be found in Chapters 14 and 40.

Advantages

» Water-source heat pump systems use renewable energy when
designed with a ground source.

Unit installation is simple for both vertical and horizontal instal-
lation and for concealed locations.

Units are available in multiple electrical configurations.
Water-source heat pumps can be installed with a lift to rig hori-
zontal units at or above a ceiling.

Generally, the system is well suited to spaces requiring many
zones of individual temperature control.

Units are available in multiple sizes, typically in 1/2 ton incre-
ments, to meet any need.

Designers can specify energy recovery for ventilation air sepa-
rately.

* Units can be individually metered easily.

* Units are easily relocated if space is remodeled.

Disadvantages

 Outdoor air introduction to the building must be separately
designed.

Condensate drain piping installation and routine maintenance can
be a problem, particularly for units installed above ceilings.
Economizer systems typically do not apply.

Humidification, when required, must be provided by separate
equipment.

Discharge heating air temperatures are lower compared to gas
heat.

Noise and vibration levels vary considerably and are not generally
suitable for sound-critical applications.

Routine maintenance within occupied space is required to main-
tain capacity.

Design Considerations

The location for the central heat rejection and/or heat gain equip-
ment requires consideration. If a cooling tower is used, designers
may consider separating the indoor water loop from the outdoor
water loop with a heat exchanger. Pump systems can be variable
flow when units are provided with automatic flow valves integrated
to open with compressor operation.

Units are usually furnished with communicating digital controls.
Units are typically provided with occupied/unoccupied sequence.

These units can be used for renovation of existing buildings
where limited ceiling space would prevent other types of HVAC sys-
tems (e.g., all-air systems) from being installed. The equipment can
be used in both low- and high-rise buildings; both applications
require some form of outdoor ventilation to serve the occupants.

See Chapters 9 and 48 for data on refrigeration cycle, heating
cycle, automatic controls, and other information on design and
operation and maintenance.

2.5

5. MULTIPLE-UNIT SYSTEMS

Multiple-unit systems generally use under 20 ton, single-zone uni-
tary HVAC equipment with a unit for each zone (Eigure 1). These
units typically have factory-charged, indoor compressor refrigeration
systems. Some use remote air-cooled condensers with field-provided
refrigeration piping. Equipment can be packaged air cooled, and
wall louvers can be used to reject condenser heat to the outdoors.
Zoning is determined by (1) cooling and heating loads, (2) occu-
pancy, (3) flexibility requirements, (4) appearance, and (5) equip-
ment and duct space availability. Multiple-unit systems are popular
for low-rise office buildings, manufacturing plants, shopping cen-
ters, department stores, and apartment buildings. Unitary self-
contained units are excellent for renovation.

The system configuration can be horizontal distribution of equip-
ment and associated ductwork and piping, or vertical distribution of
equipment and piping with horizontal distribution of ductwork.
Outdoor air ventilation requires either direct or indirect supply air
from an additional air-handling system.

Heating media may be steam or hot water piped to the individual
units or electric heat at the unit and/or at individual air terminals that
provide multiple-space temperature-controlled zones. Heat pumps
are available in some equipment. Cooling media may be refrigerant/
direct expansion (DX) air, or condenser water piped to individual
units. A typical system features zone-by-zone equipment with a cen-
tral cooling tower and boiler, although electric heat and DX refriger-
ant cooling may be used. When these units are cooled by DX coils
connected to a variable-refrigerant-flow (VRF) system, the system
can take on more “centralized” characteristics; see Chapter 18.

Supply air is typically constant volume; outdoor ventilation is
typically a fixed minimum. Some designs can include variable vol-
ume based on bypass volume control. Usually, multiple units do not
come with a return air fan; the supply fan must overcome return air
and supply air duct static resistance. Air-side economizers are rare;
a water-side economizer is sometimes more practical where con-
denser water is used, and may be required by state code.

Multiple-unit systems require a localized equipment room where
one or more units can be installed. This arrangement takes up floor
space, but allows equipment maintenance to occur out of the build-
ing’s occupied areas, minimizing interruptions to occupants.

Advantages

« The system can be applied to both large or small buildings (build-
ing height).

i
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Fig. 1 Multiple-Unit Systems: Single-Zone Unitary HVAC
Equipment for Interior and Packaged Terminal Air
Conditioners (PTACs) for Perimeter
(Courtesy RDK Engineers)
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Installation is simple. Equipment is readily available in sizes that
allow easy handling.

Installation of outdoor heat pumps is simple with rigging onto
concrete pad at grade level or on the roof.

Equipment and components can be standardized.

Relocation of units to other spaces or buildings is practical, if nec-
essary.

Energy efficiency can be quite good, particularly where climate or
building use results in a balance of heating and cooling zones.
Units are available with complete, self-contained control systems
that include variable-volume control, night setback, and morning
warm-up.

Equipment is out of the occupied space, making the system qui-
eter than water-source heat pumps.

Easy access to equipment facilitates routine maintenance.
Failure of one unit affects only a limited area.

System is repetitive and simple, facilitating operator training.
Tenant utility metering is easier than with other systems.

3

Disadvantages

« Access to outdoor air must be provided at each location.

< Fans may have limited static pressure ratings.

« Air filtration options are limited.

« Discharge air temperature varies with on/off or step control.
Humidification can be impractical on a unit-by-unit basis and
may need to be provided by a separate system.

Integral air-cooled condensing units for some direct-expansion
cooling installations should be located outdoors within a limited
distance.

Multiple units and equipment closets or rooms may occupy rent-
able floor space.

Multiple pieces of equipment may increase maintenance require-
ments.

» Redundant equipment or easy replacement may not be practical.

Design Considerations

Unitary systems can be used throughout a building or to supple-
ment perimeter packaged terminal units (Eigures 1 and 2). Because
core areas frequently have little or no heat loss, unitary equipment
with air- or water-cooled condensers can be applied. The equipment
can be used in both low- and high-rise buildings; both applications
require some form of outdoor ventilation to serve the occupants.

Typical application may be an interior work area, computer
room, or other space requiring continual cooling. Special-purpose
unitary equipment is frequently used to cool, dehumidify, humidify,
and reheat to maintain close control of space temperature and
humidity in computer areas (Eigure 2). For more information, see
Chapters 19 and 20 of the 2019 ASHRAE Handbook—HVAC Appli-
cations, as well as Chapters 48 and 49 of this volume.

In the multiple-unit system shown in Figure 3, one unit may
be used to precondition outdoor air for a group of units. This all-out-
door-air unit prevents hot, humid air from entering the conditioned
space during periods of light load. The outdoor unit should have suf-
ficient capacity to cool the required ventilation air from outside
design conditions to interior design dew point. Zone units are then
sized to handle only the internal load for their particular area.

Units are typically under 20 tons of cooling and are typically
constant-volume units. VAV distribution may be accomplished on
these units with a bypass damper that allows excess supply air to
bypass to the return air duct. The bypass damper ensures constant
airflow across the direct-expansion cooling coil to avoid coil freeze-
up caused by low airflow. The damper is usually controlled by sup-
ply duct pressure. Variable-frequency drives can also be used.

Controls. Units are usually furnished with individual electric
controls, but can be enhanced to a more comprehensive building
management system.

Economizer Cycle. When outdoor temperature allows, energy
use can be reduced by cooling with outdoor air in lieu of mechanical
refrigeration. Units must be located close to an outdoor wall or out-
door air duct shafts. Where this is not possible, it may be practical
to add a water-side economizer cooling coil, with cold water
obtained by sending condenser water through a winterized cooling
tower. Chapter 40 has further details. Economizer cycle may be
required by state code.

Acoustics and Vibration. Because these units are typically
located near occupied space, they can affect acoustics. The designer
must study both the airflow breakout path and the unit’s radiated
sound power when coordinating selection of wall and ceiling con-
struction surrounding the unit. Locating units over noncritical work
spaces such as restrooms or storage areas around the equipment
room helps reduce noise in occupied space. Chapter 49 of the 2019
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ASHRAE Handbook—HVAC Applications has more information on
HVAC-related sound and vibration concerns.

6. RESIDENTIAL AND LIGHT COMMERCIAL
SPLIT SYSTEMS

These systems distribute cooling and heating equipment
throughout the building. A split system consists of an indoor unit
with air distribution and temperature control, with either a remote
air-cooled condenser or remote air-cooled condensing unit. These
units are commonly used in single-story or low-rise buildings, and
in residential applications where condenser water is not readily
available. Commercial split systems are well suited to small projects
with variable occupancy schedules.

Indoor equipment is generally installed in service areas adjacent
to the conditioned space. When a single unit is required, the indoor
unit and its related ductwork constitute a central air system, as
described in Chapter 4.

Typical components of a split-system air conditioner include an
indoor unit with evaporator coils, heating coils, filters, valves, and a
condensing unit with the compressors and condenser coils.

The configuration can be horizontal distribution of equipment
and associated ductwork and piping, or vertical distribution of
equipment and piping with horizontal distribution of ductwork.
These applications share some of the advantages of multiple-unit
systems, but may only have one system installation per project. Out-
door air ventilation requires either direct or indirect supply from
another source (e.g., operable window).

Heating is usually electric or gas, but may be steam, hot water, or
possibly oil-fired at the unit. Cooling is usually by direct expansion.
Heat pump operation is readily accommodated.

Supply air may be constant- or variable-volume bypass damper
control; outdoor ventilation is usually a fixed minimum or baromet-
ric relief economizer cycle. A supplemental exhaust fan may be
required to complete the design.

Air-cooled heat pumps located on roofs or adjacent to buildings
are another type of package equipment with most of the features
noted here, with the additional benefit of supply air distribution and
equipment outside the occupied space. This improved ductwork
arrangement makes equipment accessible for servicing out the
occupied space, unlike in-room units. See Chapter 48 for additional
design, operating, and constructability discussion.

Advantages

« Low first cost.

 Unitary split-system units allow air-handling equipment to be
placed close to the heating and cooling load, which allows ample
air distribution to the conditioned space with minimum ductwork
and fan power.

Tenant utility metering is easy.

Heat rejection through a remote air-cooled condenser allows the
final heat rejector (and its associated noise) to be remote from the
air-conditioned space.

A floor-by-floor arrangement can reduce fan power consumption
because air handlers are located close to the conditioned space.
Equipment is generally located in the building interior near eleva-
tors and other service areas and does not interfere with the build-
ing perimeter.

Disadvantages

» Multiple units and equipment closet may occupy rentable floor
space.

* The proximity of the air handler to the conditioned space requires
special attention to unit inlet and outlet airflow and to building
acoustics around the unit.

» Multiple pieces of equipment may increase maintenance require-
ments.
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< Ducting ventilation air to the unit and removing condensate from

the cooling coil should be considered.

Refrigeration piping to outdoors has limited length (typically

about 100 ft).

A unit that uses an air-side economizer must be located near an

outer wall or outdoor air shaft. Split-system units do not generally

include return air fans.

« A separate method of handling and controlling relief air may be
required.

« Filter options and special features may be limited.

« Discharge temperature varies because of on/off or step control.

 Gas-heat furnace needs access for flue venting to roof or outdoors.

Design Considerations

Characteristics that favor split systems are their low first cost,
simplicity of installation, and simplicity of training required for
operation. Servicing is also relatively inexpensive.

The modest space requirements of split-system equipment make
it excellent for renovations or for spot cooling a single zone. Control
is usually one- or two-step cooling and one- or two-step or modu-
lating heat. VAV operation is possible with a supply air bypass.
Some commercial units can modulate airflow, with additional cool-
ing modulation using hot-gas bypass.

Commercial split-system units are available as constant-volume
equipment for use in atriums, public areas, and industrial applica-
tions. Basic temperature controls include aroom-mounted or return-
air-mounted thermostat that cycles the compressor(s) as needed.
Upgrades include fan modulation and VAV control. When applied
with VAV terminals, commercial split systems provide excellent
comfort and individual zone control.

7. COMMERCIAL SELF-CONTAINED (FLOOR-
BY-FLOOR) SYSTEMS

Commercial self-contained (floor-by-floor) systems are a type of
multiple-unit, decentralized cooling and heating system. Equipment
is usually configured vertically, but may be horizontal. Supply air
distribution may be a discharge air plenum, raised-floor supply air
plenum (air displacement), or horizontal duct distribution, installed
on a floor-by-floor basis. Outdoor air ventilation requires either
direct or indirect supply air from an additional air-handling system.

Typical components include compressors, water-cooled con-
densers, evaporator coils, economizer coils, heating coils, filters,
valves, and controls (Eigure 4). To complete the system, a building
needs cooling towers and condenser water pumps. See Chapter 40
for more information on cooling towers.

Advantages

« This equipment integrates refrigeration, heating, air handling, and

controls into a factory package, thus eliminating many field inte-

gration problems.

Units are well suited for office environments with variable occu-

pancy schedules.

Floor-by-floor arrangement can reduce fan power consumption.

Large vertical duct shafts and fire dampers are eliminated.

Electrical wiring, condenser water piping, and condensate re-

moval are centrally located.

Equipment is generally located in the building interior near eleva-

tors and other service areas, and does not interfere with the build-

ing perimeter.

Integral water-side economizer coils and controls are available,

which allow interior equipment location and eliminate large out-

door air and exhaust ducts and relief fans.

 An acoustical discharge plenum is available, which allows lower
fan power and lower sound power levels.
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Disadvantages

¢ Units must be located near an outdoor wall or outdoor air shaft to
incorporate an air-side economizer.

« A separate relief air system and controls must be incorporated if
an air-side economizer is used.

* Close proximity to building occupants requires careful analysis of
space acoustics.

* Filter options may be limited.

« Discharge temperature varies because of on/off or step control.

Design Considerations

Commercial self-contained units have criteria similar to
those for multiple and light commercial units, and can serve
either VAV or constant-volume systems. These units contain one or
two fans inside the cabinet. The fans are commonly configured in a
draw-through arrangement.

The size and diversity of the zones served often dictate which
system is optimal. For comfort applications, self-contained VAV
units coupled with terminal boxes or fan-powered terminal boxes
are popular for their energy savings, individual zone control, and
acoustic benefits. Constant-volume self-contained units have low
installation cost and are often used in noncomfort or industrial air-
conditioning applications or in single-zone comfort applications.

Unit airflow is reduced in response to terminal boxes closing.
Common methods used to modulate airflow delivered by the fan to
match system requirements include fan speed control and multiple-
speed fan motors.

Appropriate outdoor air and exhaust fans and dampers work in
conjunction with the self-contained unit. Their operation must be
coordinated with unit operation to maintain design air exchange and
building pressurization.

Refrigeration Equipment. Commercial self-contained units
usually feature reciprocating or scroll compressors, although screw
compressors are available in some equipment. Thermostatic or elec-
tronic expansion valves are used. Condensers are water cooled and
usually reject heat to a common condenser-water system serving
multiple units. A separate cooling tower or other final heat rejection
device is required.

Self-contained units may control capacity with multiple com-
pressors. For VAV systems, compressors are turned on or off or
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Fig. 4 Commercial Self-Contained Unit with
Discharge Plenum

unloaded to maintain discharge air temperature. Hot-gas bypass is
often incorporated to provide additional capacity control. As system
airflow decreases, the temperature of air leaving the unit is often
reset upward so that a minimum ventilation rate can be maintained.
Resetting the discharge air temperature limits the unit’s demand,
thus saving energy. However, increased air temperature and volume
increase fan energy.

Heating Equipment. In many applications, heating is done by
perimeter radiation, with heating installed in the terminal boxes or
other such systems when floor-by-floor units are used. If heating is
incorporated in these units (e.g., preheat or morning warm-up), it is
usually provided by hot-water coils or electric resistance heat, but
could be by a gas- or oil-fired heat exchanger.

Controls. Self-contained units typically have built-in capacity
controls for refrigeration, economizers, and fans. Although units
under 15 tons of cooling tend to have basic on/off/automatic con-
trols, many larger systems have sophisticated microprocessor con-
trols that monitor and take action based on local or remote
programming. These controls provide for stand-alone operation, or
they can be tied to a building automation system (BAS).

A BAS allows more sophisticated unit control by time-of-day
scheduling, optimal start/stop, duty cycling, demand limiting, cus-
tom programming, etc. This control can keep units operating at peak
efficiency by alerting the operator to conditions that could cause
substandard performance.

The unit’s control panel can sequence the modulating valves and
dampers of an economizer. A water-side economizer is located
upstream of the evaporator coil, and when condenser water tempera-
ture is lower than entering air temperature to the unit, water flow is
directed through the economizer coil to either partially or fully meet
building load. If the coil alone cannot meet design requirements, but
the entering condenser water temperature remains cool enough to
provide some useful precooling, the control panel can keep the
economizer coil active as stages of compressors are activated. When
entering condenser water exceeds entering air temperature to the
unit, the coil is valved off, and water is circulated through the unit’s
condensers only.

Typically, in an air-side economizer, an enthalpy or dry-bulb
temperature switch energizes the unit to bring in outdoor air as the
first stage of cooling. An outdoor air damper modulates flow to meet
design temperature, and when outdoor air can no longer provide suf-
ficient cooling, compressors are energized.

A temperature input to the control panel, either from a discharge
air sensor or a zone sensor, provides information for integrated
economizer and compressor control. Supply air temperature reset is
commonly applied to VAV systems.

In addition to capacity controls, units have safety features for the
refrigerant-side, air-side, and electrical systems. Refrigeration pro-
tection controls typically consist of high and low refrigerant pres-
sure sensors and temperature sensors wired into a common control
panel. The controller then cycles compressors on and off or activates
hot-gas bypass to meet system requirements.

Constant-volume units typically have high-pressure cut-out con-
trols, which protect the unit and ductwork from high static pressure.
VAV units typically have some type of static pressure probe inserted
in the discharge duct downstream of the unit. As terminal boxes
close, the control modulates airflow to meet the set point, which is
determined by calculating the static pressure required to deliver
design airflow to the zone farthest from the unit.

Acoustics and Vibration. Because self-contained units are typ-
ically located near occupied space, their performance can signifi-
cantly affect occupant comfort. Units of less than 15 tons of cooling
are often placed inside a closet, with a discharge grille penetrating
the common wall to the occupied space. Larger units have their own
equipment room and duct system. Common sound paths to consider
include the following:
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« Faninlet and compressor sound radiates through the unit casing to
enter the space through the separating wall.

 Fan discharge sound is airborne through the supply duct and
enters the space through duct breakout and diffusers.

« Airborne fan inlet sound enters the space through the return air
ducts, or ceiling plenum if unducted.

Air is often discharged from the self-contained unit with a ple-
num on top of the unit. This plenum facilitates multiple duct dis-
charges that reduce the amount of airflow over a single occupied
space adjacent to the equipment room (see Eigure 4). Reducing
airflow in one direction reduces the sound that breaks out from the
discharge duct. Several feet of internally lined round duct immedi-
ately off the discharge plenum may significantly reduce noise levels
in adjacent areas.

In addition to the airflow breakout path, the system designer
must study unit-radiated sound power when determining equipment
room wall and door construction. A unit’s air-side inlet typically has
the highest radiated sound. The inlet space and return air ducts
should be located away from the critical area to reduce the effect of
this sound path.

Selecting a fan that operates near its peak efficiency point helps
design quiet systems. Fans are typically dominant in the first three
octave bands, and selections at high static pressures or near the fan’s
surge region should be avoided.

Units may be isolated from the structure with neoprene pads or
spring isolators. Manufacturers often isolate the fan and compres-
sors internally, which generally reduces external isolation require-
ments.

8. COMMERCIAL OUTDOOR PACKAGED
SYSTEMS

Commercial outdoor packaged systems are available in sizes
from 2 tons to over 200 tons. There are multiple choices of rooftop
and/or horizontal grade-mounted configurations to meet building
needs.

Heating is usually electric or gas but may be steam, hot water, or
possibly oil-fired at the unit. Cooling is usually by direct expansion,
but could be chilled water.

Supply air distribution can be for multiple floors by vertical duct
shafts or horizontal duct distribution installed on a floor-by-floor
basis. Outdoor air ventilation can be provided by barometric relief,
fan-powered relief, or return air/exhaust air fan.

Equipment is generally mounted on the roof (rooftop units
[RTUs]), but can also be mounted at grade level. RTUs are designed
as central-station equipment for single-zone, multizone, and VAV
applications.

Systems are available in several levels of design sophistication,
from simple factory-standard light commercial packaged equip-
ment, to double-wall commercial packaged equipment with
upgraded features, up to fully customized industrial-quality pack-
ages. Often, factory-standard commercial rooftop unit(s) are satis-
factory for small and medium-sized office buildings. On large
projects and highly demanding systems, the additional cost of a cus-
tom packaged unit can be justified by life-cycle cost analyses. Cus-
tom systems offer great flexibility and can be configured to satisfy
almost any requirement. Special features such as heat recovery, ser-
vice vestibules, boilers, chillers, and space for other mechanical
equipment can be designed into the unit.

For additional information, see Chapter 48.

Advantages

» Equipment location allows easy service access without mainte-
nance staff entering or disturbing occupied space.

« Construction costs are offset toward the end of the project because
the unit can be one of the last items installed.
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Installation is simplified and field labor costs are reduced because
most components are assembled and tested in a controlled factory
environment.

A single source has responsibility for design and operation of all
major mechanical systems in the building.

Valuable building space for mechanical equipment is conserved.
Itis suitable for floor-by-floor control in low-rise office buildings.
* Outdoor air is readily available for ventilation and economy cycle
use.

Combustion air intake and flue gas exhaust are facilitated if natu-
ral gas heat is used.

Upgraded design features, such as high-efficiency filtration or
heat recovery devices, are available from some manufacturers.

Disadvantages

» Maintaining or servicing outdoor units is sometimes difficult,
especially in inclement weather.

With all rooftop equipment, safe access to the equipment is a con-
cern. Even slightly sloped roofs are a potential hazard.

* Frequent removal of panels for access may destroy the unit’s
weatherproofing, causing electrical component failure, rusting,
and water leakage.

Rooftop unit design must be coordinated with structural design
because it may represent a significant building structural load.

* In cold climates, provision must be made to keep snow from
blocking air intakes and access doors, and the potential for freez-
ing of hydronic heating or steam humidification components
must be considered.

Casing corrosion is a potential problem. Many manufacturers pre-
vent rusting with galvanized or vinyl coatings and other protective
measures.

* Outdoor installation can reduce equipment life.

Depending on building construction, sound levels and transmitted
vibration may be excessive.

Architectural considerations may limit allowable locations or
require special screening to minimize visual effect.

Design Considerations

Centering the rooftop unit over the conditioned space reduces fan
power, ducting, and wiring. Avoid installation directly above spaces
where noise and vibration level is critical.

All outdoor ductwork should be insulated, if not already required
by associated energy codes. In addition, ductwork should be (1)
sealed to prevent condensation in insulation during the heating sea-
son and (2) weatherproofed to keep it from getting wet.

Use multiple single-zone, not multizone, units where feasible to
simplify installation and improve energy consumption. For large
areas (e.g., manufacturing plants, warehouses, gymnasiums),
single-zone units are less expensive and provide protection against
total system failure.

Use units with return air fans whenever return air static pressure
loss exceeds 0.5 in. of water or the unit introduces a large percentage
of outdoor air via an economizer.

Units are also available with relief fans for use with an econo-
mizer in lieu of continuously running a return fan. Relief fans can be
initiated by static pressure control.

In a rooftop application, the air handler is outdoors and needs to
be weatherproofed against rain, snow, and, in some areas, sand. In
coastal environments, enclosure materials’ resistance (e.g., to salt
spray) must also be considered. In cold climates, fuel oil does not
atomize and must be warmed to burn properly. Hot-water or steam
heating coils and piping must be protected against freezing. In some
areas, enclosures are needed to maintain units effectively during
inclement weather. A permanent safe access to the roof, as well as
a roof walkway to protect against roof damage, are essential.
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Rooftop units are generally mounted using (1) integral frames or
(2) lightweight steel structures. Integral support frames are designed
by the manufacturer to connect to the base of the unit. Separate
openings for supply and return ducts are not required. The com-
pleted installation must adequately drain condensed water. Light-
weight steel structures allow the unit to be installed above the roof
using separate, flashed duct openings. Any condensed water can be
drained through the roof drains.

Accessories such as economizers, special filters, and humidifiers
are available. Factory-installed and wired economizer packages are
also available. Other options offered are return and exhaust fans,
variable-volume controls with hot-gas bypass or other form of coil
frost protection, smoke and fire detectors, portable external service
enclosures, special filters, and microprocessor-based controls with
various control options, including BACnet™ integration.

For projects with custom-designed equipment, it may be desir-
able to require additional witnessed factory testing to ensure perfor-
mance and quality of the final product.

Refrigeration Equipment. Large systems incorporate recipro-
cating, screw, or scroll compressors. Chapter 38 has information
about compressors and Chapters 43 and 48 discuss refrigeration
equipment, including the general size ranges of available equip-
ment. Air-cooled or evaporative condensers are built integral to the
equipment.

Air-cooled condensers pass outdoor air over a dry coil to con-
dense the refrigerant. This results in a higher condensing temper-
ature and, thus, a larger power input at peak conditions. However,
this peak time may be relatively short over 24 h. The air-cooled con-
denser is popular in small reciprocating systems because of its low
maintenance requirements.

Evaporative condensers pass air over coils sprayed with water,
using adiabatic saturation to lower the condensing temperature. As
with the cooling tower, freeze prevention and close control of water
treatment are required for successful operation. The lower power
consumption of the refrigeration system and the much smaller foot-
print from using an evaporative versus air-cooled condenser are
gained at the expense of the cost of water used and increased main-
tenance costs.

Heating Equipment. Natural-gas, propane, oil, electricity, hot-
water, steam, and refrigerant gas heating options are available.
These are normally incorporated directly into the air-handling sec-
tions. Custom equipment can also be designed with a separate
prepiped boiler and circulating system.

Controls. Multiple lower-capacity outdoor units are usually sin-
gle-zone, constant-volume, or potentially VAV if units are larger
capacity. Zoning for temperature control determines the number of
units; each zone has a unit. Zones are determined by the cooling and
heating loads for the space served, occupancy, allowable roof loads,
flexibility requirements, appearance, duct size limitations, and
equipment size availability. These units can also serve core areas of
buildings, with perimeter spaces served by PTACs.

Most operating and safety controls are provided by the equipment
manufacturer. Although remote monitoring panels are optional, they
are recommended to allow operating personnel to monitor perfor-
mance.

Acoustics and Vibration. Most unitary equipment is available
with limited separate vibration isolation of rotating equipment. Cus-
tom equipment is available with several (optional) degrees of inter-
nal vibration isolation. Isolation of the entire unit casing is rarely
required; however, use care when mounting on lightweight struc-
tures. If external isolation is required, it should be coordinated with
the unit manufacturer to ensure proper separation of internal versus
external isolation deflection.

Outdoor noise from unitary equipment should be reduced to a
minimum. Evaluate sound power levels at all property lines. Indoor-
radiated noise from the unit’s fans, compressors, and condensers

2020 ASHRAE Handbook—HVAC Systems and Equipment

travels directly through the roof into occupied space below. Mitiga-
tion usually involves adding mass, such as two layers of gypsum
board, inside the roof curb beneath the unit. Airborne duct discharge
noise, primarily from the fans themselves, can be attenuated by
silencers in the supply and return air ducts or by acoustically lined
ductwork.

9. SINGLE-ZONE VAV SYSTEMS

These systems distribute cooling and heating to a single zone by
supplying constant-temperature airflow at varying volumes. A
variable-speed fan controls the quantity of air provided to the space
by modulating the fan speed based on space load. The compressor
modulates based on the temperature of the supply air leaving the
unit to determine the amount of refrigerant flow needed to maintain
the supply air set point. Heating is usually electric with silicon con-
trolled rectifier (SCR) control or modulating gas-fired stainless steel
heat exchangers.

Advantages

« Equipment location allows easy service access without mainte-
nance staff entering or disturbing occupied space.

Installation is simple and equipment is readily available in sizes
for easy handling.

Installation is simplified and field labor costs are reduced because
most components are assembled and tested in a controlled factory
environment.

Units are available with complete VAV controls including night
setback and morning warm-up.

Valuable building space for mechanical equipment is conserved.
« Itissuitable for floor-by-floor control in low-rise office buildings.
 Outdoor air is readily available for ventilation and economizer
cycle use.

» Combustion air intake and flue gas exhaust are facilitated if natu-
ral gas heat is used.

Tenant utility metering is easier.
Failure of one systems affects a limited area.

Disadvantages

Maintaining or servicing outdoor units is sometimes difficult,
especially in inclement weather.

Air filtration options are limited.

With all rooftop equipment, safe access to the equipment is a con-
cern. Even slightly sloped roofs are a potential hazard.

Frequent removal of panels for access may destroy the unit’s
weatherproofing, causing electrical component failure, rusting,
and water leakage.

« Rooftop unit design must be coordinated with structural design
because it may represent a significant building structural load.

In cold climates, provision must be made to keep snow from
blocking air intakes and access doors, and the potential for freez-
ing of hydronic heating or steam humidification components
must be considered.

Casing corrosion is a potential problem. Many manufacturers pre-
vent rusting with galvanized or vinyl coatings and other protective
measures.

Outdoor installation can reduce equipment life.

Humidification options are impractical on a unit by unit basis.
Depending on building construction, sound levels and transmitted
vibration may be excessive.

Architectural considerations may limit allowable locations or
require special screening to minimize visual effect.

Multiple units might be required.
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Design Considerations

Design considerations for single-zone VAV are the same as those
in the section on Commercial Outdoor Packaged Systems, with the
following exceptions:

« Potential for freezing in cold climates need not be addressed

« VAV systems may require separate supply and return duct open-
ings

« The discussion of accessories and custom-designed equipment
does not apply to VAV systems

Factory-installed and wired economizer packages are also avail-
able as well as microprocessor-based controls with various control
options, including BACnet™ integration.

Refrigeration Equipment. Chapter 38 has information about
compressors and Chapters 43 and 48 discuss refrigeration
equipment, including the general size ranges of available
equipment. Air-cooled condensers are built integral to the
equipment.

Air-cooled condensers pass outdoor air over a dry coil to
condense the refrigerant. This results in a higher condensing
temperature and, thus, a larger power input at peak conditions.
However, this peak time may be relatively short over 24 h. The air-
cooled condenser is popular in small reciprocating systems
because of its low maintenance requirements.

Heating Equipment. Natural-gas, propane, electricity, and
sometimes hot-water, steam, and refrigerant gas heating options
are available. These are normally incorporated directly into the air-
handling sections.

Controls. Zoning for temperature control determines the
number of units; each zone has a unit. Zones are determined by the
cooling and heating loads for the space served, occupancy,
allowable roof loads, flexibility requirements, appearance, duct
size limitations, and equipment size availability.

Most operating and safety controls are provided by the
equipment manufacturer. Although remote monitoring panels are
optional, they are recommended to allow operating personnel to
monitor performance.

Acoustics and Vibration. Most unitary equipment is available
with limited separate vibration isolation of rotating equipment.
Isolation of the entire unit casing is rarely required; however, use
care when mounting on lightweight structures. If external isolation
is required, it should be coordinated with the unit manufacturer to
ensure proper separation of internal versus external isolation
deflection.

Outdoor noise from unitary equipment should be reduced to a
minimum. Evaluate sound power levels at all property lines. Indoor-
radiated noise from the unit’s fans, compressors, and condensers
travels directly through the roof into occupied space below. Mitiga-
tion usually involves adding mass, such as two layers of gypsum
board, inside the roof curb beneath the unit. Airborne duct discharge
noise, primarily from the fans themselves, can be attenuated by
silencers in the supply and return air ducts or by acoustically lined
ductwork.

10. AUTOMATIC CONTROLS AND BUILDING
MANAGEMENT SYSTEMS

A building management system can be an important tool in
achieving sustainable facility energy management. Basic HVAC sys-
tem controls are electric or electronic, and usually are prepackaged
and prewired with equipment at the factory. Controls may also be
accessible by the building manager using a remote off-site computer.
The next level of HVAC system management is to integrate the man-
ufacturer’s control package with the building management system. If
the project is an addition or major renovation, prepackaged controls
and their capabilities need to be compatible with existing automated
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controls. Chapter 41 of the 2019 ASHRAE Handbook—HVAC Appli-
cations discusses computer applications, and ANSI/ASHRAE Stan-
dard 135 discusses interfacing building automation systems.

11. MAINTENANCE MANAGEMENT

Because they are simpler and more standardized than centralized
systems, decentralized systems can often be maintained by less
technically trained personnel. Maintenance management for many
packaged equipment systems can be specified with a service con-
tract from a local service contracting firm. Frequently, small to mid-
level construction projects do not have qualified maintenance
technicians on site once the job is turned over to a building owner,
and service contracts can be a viable option. These simpler decen-
tralized systems allow competitive solicitation of bids for annual
maintenance to local companies.

12. BUILDING SYSTEM COMMISSIONING

Commissioning a building system that has an independent
control system to be integrated with individual packaged control
systems requires that both control contractors participate in the pro-
cess. Before the commissioning functional performance demonstra-
tions to the client, it is important to obtain the control contractors’
individual point checkout sheets, program logic, and list of points
that require confirmation with another trade (e.g., fire alarm system
installer).

Frequently, decentralized systems are installed in phases, requir-
ing multiple commissioning efforts based on the construction
schedule and owner occupancy. This applies to new construction
and expansion of existing installations. During the warranty phase,
decentralized system performance should be measured, bench-
marked, and course-corrected to ensure the design intent can be
achieved. If an energy analysis study is performed as part of the
comparison between decentralized and centralized concepts, or life-
cycle comparison of the study is part of a Leadership in Energy and
Environmental Design (LEED®) project, the resulting month-to-
month energy data should be a good electronic benchmark for actual
energy consumption using the measurement and verification plan
implementation.

Ongoing commissioning or periodic recommissioning further
ensures that design intent is met, and that cooling and heating are
reliably delivered. Retro- or recommissioning should be considered
whenever the facility is expanded or an additional connection made
to the existing systems, to ensure the original design intent is met.

The initial testing, adjusting, and balancing (TAB) also contrib-
utes to sustainable operation and maintenance. The TAB process
should be repeated periodically to ensure levels are maintained.

When completing TAB and commissioning, consider posting
laminated system flow diagrams at or adjacent to cooling and heat-
ing equipment indicating operating instructions, TAB performance,
commissioning functional performance tests, and emergency shut-
off procedures. These documents also should be filed electronically
in the building manager’s computer server for quick reference.

Original basis of design and design criteria should be posted as a
constant reminder of design intent, and to be readily available in
case troubleshooting, expansion, or modernization is needed.

As with all HVAC applications, to be a sustainable design suc-
cess, building commissioning should include the system training
requirements necessary for building management staff to efficiently
take ownership and operate and maintain the HVAC systems over
the useful service life of the installation.

Commissioning should continue up through the final commis-
sioning report, approximately one year after the construction phase
has been completed and the warranty phase comes to an end. For
further details on commissioning, see Chapter 44 of the 2019
ASHRAE Handbook—HVAC Applications.
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ENTRAL cooling and/or heating plants generate cooling
and/or heating in one location for distribution to multiple loca-
tions in one building or an entire campus. Central cooling and heat-
ing systems are used in almost all types of buildings, but most
commonly in very large buildings and complexes where there is a
high density of energy use. This chapter covers plants with cooling
and/or heating (referred to as central plants). They are especially
suited to applications where maximizing equipment service life and
using energy and operational workforce efficiently are important.
Good candidates for a central plant have significant loads and a
designated mechanical space. Appendix G of ASHRAE Standard
90.1 shows that central plants are typical in buildings more than five
floors high or greater than 150,000 ft2. Smaller buildings may use
them for efficiency and control reasons, but the cost per square foot
increases as compared to more typical systems. Building or facility
types that commonly use central plants include

e Campus environments with distribution to several buildings
(described further in Chapter 12).

« High-rise facilities

« Large office buildings (typically over 150,000 ft2)

 Large public assembly facilities, entertainment complexes, stadi-

ums, arenas, and convention and exhibition centers

Urban centers (e.g., city centers/districts)

Shopping malls

Large condominiums, hotels, and apartment complexes

Educational facilities

Hospitals and other health care facilities

Industrial facilities (e.g., pharmaceutical, manufacturing)

Large museums and similar institutions

Locations where waste heat is readily available (result of power

generation or industrial processes)

« Larger systems where higher efficiency offsets the potentially
higher first cost of a chilled-water system

This chapter addresses design alternatives that should be consid-
ered for central cooling and heating plants. Distribution system
options and equipment are discussed when they relate to the central
equipment, but more information on distribution systems can be
found in Chapters 11 to 15.

1. SYSTEM CHARACTERISTICS

Central systems are characterized by large chilling and heating
equipment located in one facility or multiple installations intercon-
nected to operate as one. Equipment configuration and ancillary
equipment vary significantly, depending on the facility’s use. Typi-
cally, central plants include water-chilling equipment, pumps, and
water system specialty items. Boilers are often in a separate
mechanical room to provide proper separation from the refrigeration
equipment, as required by ASHRAE Standard 15. The central plant

The preparation of this chapter is assigned to TC 9.1, Large Building Air-
Conditioning Systems.
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also typically includes cooling towers and pumps, if it is a water-
cooled plant. See Chapter 1 for information on selecting a central
cooling or heating plant.

The plant and equipment can be located as part of the facility, or
in remote stand-alone plants. Also, different combinations of cen-
tralized and decentralized systems (e.g., a central cooling plant and
decentralized heating and ventilating systems) can be used.

Chillers and boilers are available in different sizes, capacities,
and configurations to serve a variety of building applications. Oper-
ating a few pieces of primary equipment (often with back-up equip-
ment) gives central plants different benefits from decentralized
systems (see Chapter 2).

Multiple types of equipment and fuel sources can be combined
in one plant, but typically only in large plants. The heating and
cooling energy may be a combination of electricity, natural gas, oil,
coal, solar, geothermal, waste heat, etc. This energy is converted
into chilled water, hot water, or steam that is distributed through the
facility for air conditioning, heating, and processes. The operating,
maintenance, and first costs of all these options should be discussed
with the owner before final selection. When combining heating
generation systems, it is important to note the presence of direct-fir-
ing combustion systems and chilled-water production systems
using refrigerants, because ASHRAE Standard 15 requires most
refrigerants to be isolated from combustion equipment for safety.

A central plant can be customized without sacrificing the stan-
dardization, flexibility, and performance required to support the
primary cooling and heating equipment by carefully selecting an-
cillary equipment, automatic control, and facility management.
Plant design can vary widely based on building use, life-cycle
costs, operating economies, and the need to maintain reliable build-
ing HVAC, process, and electrical systems. These systems can re-
quire more extensive engineering, equipment, and financial
analysis than do decentralized systems.

In large buildings with interior areas that require cooling at the
same time perimeter areas require heating, one of several types of
centralized heat reclaim units can meet both these requirements
efficiently. Chapter 9 describes these combinations, and Chapters
11 to 15 provide design details for central plant systems. Using
recovered energy for reheat at the zone level is a common use for
lower-grade heat. It can significantly reduce the total energy use of
buildings that commonly have simultaneous heating and cooling
loads (e.g., hospitals, large hotels). Using recovered energy for
reheat is one of the allowed exceptions in ASHRAE Standard 90.1
for simultaneous heating and cooling.

Central plants can be designed to accommodate both occupied/
unoccupied and constant, year-round operation. Maintenance can
be performed with traditional one-shift operating crews, but may
require 24 h coverage. Higher-pressure steam boiler plants (usually
greater than 15 psig) or combined cogeneration and steam heating
plants require multiple-operator, 24 h shift coverage.The need for
full-time operating personnel or certified operating engineers is
typically defined by the authorities having jurisdiction (AHJs).
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Advantages

« Simultaneous primary cooling and heating can be provided at all
times, independent of the operation mode of equipment and sys-
tems beyond the central plant.

Using larger but fewer pieces of equipment generally reduces the
facility’s overall operation and maintenance costs. It also allows
wider operating ranges and more flexible operating sequences.
A centralized location minimizes restrictions on servicing acces-
sibility.

Energy-efficient design strategies, energy recovery, thermal
storage, and energy management can be simpler and more cost
effective to implement.

Multiple energy sources can be used in central plants, providing
flexibility and leverage when purchasing fuel and in the event of
shortages of one or more fuel sources.

Standardizing equipment can be beneficial for redundancy and
stocking replacement parts. However, strategically selecting
different-sized equipment for a central plant can provide better
part-load capability and efficiency.

Standby capabilities (capacity/redundancy) and back-up fuel
sources can be more easily added to equipment and plant when
planned in advance.

Equipment operation can be staged to match load profile and can
allow select pieces of equipment to be taken offline for mainte-
nance.

A central plant and its distribution can be economically expanded
to accommodate future growth (e.g., adding new equipment to the
plant or new buildings to the service group).

Load diversity can substantially reduce the total installed equip-
ment capacity requirement.

Submetering secondary distribution can allow individual billing
of cooling and heating uses outside the central plant.

Major vibration and sound-producing equipment can be grouped
away from occupied spaces, making acoustic and vibration con-
trols simpler. Acoustical treatment can be applied in a single loca-
tion instead of many separate locations.

Issues such as cooling tower plume and plant emissions are cen-
tralized, allowing a more economic and aesthetically acceptable
solution.

Disadvantages

« New or replacement equipment of the required capacity may not
be readily available, resulting in long lead time for production and
delivery.

Equipment may be more complicated than decentralized
equipment, and thus require more knowledgeable equipment
operators.

A central location within or adjacent to the building(s) served is
needed.

Additional equipment room height may be needed for the larger
central plant equipment.

Depending on the fuel source, large underground or surface stor-
age tanks may be required on site. If coal is used, space for storage
bunker(s) will be needed.

Access may be needed for large deliveries of fuel (oil, propane,
wood/biomass, or coal).

Fossil-fuel-fired heating plants require a chimney or flue and pos-
sibly special emission treatment, permits, and/or monitoring.
Multiple equipment manufacturers are required when combining
primary and ancillary equipment in a common facility.

System control logic may be complex.

First costs can be higher compared to alternatives with rooftop
units (RTUs), water-source heat pumps (WSHPs), self-contained
equipment, and other systems.

Special permitting may be required.
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« Safety requirements are increased.
« A large pipe distribution system may be necessary (which may
actually be an advantage for some applications).

2. DESIGN CONSIDERATIONS

Cooling and Heating Loads

Design cooling and heating loads are determined by considering
individual and simultaneous loads. That is, the simultaneous peaks
or instantaneous load for all areas served or a block of buildings
served by the HVAC and/or process load is less than the sum of the
individual peak cooling and heating loads (e.g., buildings do not
receive peak solar load on the east and west exposures at the same
time). The difference between the sum of the space design loads
and system peak load, called the diversity factor, can be as little as
5% less than the sum of individual loads (e.g., 95% diversity fac-
tor) or can represent a more significant reduction of the plant load
(e.g., 45% diversity factor), as is possible in multiple-building
applications. Computerized load calculation programs can be used
to model different schedules (occupancy, lighting, etc.) with peak
thermal loads, to determine appropriate diversity factors. The peak
central plant load is typically based on a diversity factor, reducing
the total installed equipment capacity serving larger building cool-
ing and heating loads. The design engineer should evaluate the full
point-of-use load requirements of each facility served by the cen-
tral system. It is important to review applicable codes and require-
ments of the local authority having jurisdiction (AHJ), which may
limit the use of diversity factors.

Opportunities for improving energy efficiency include

« Using multiple chillers or boilers can provide better part-load
operation, with a wider range of operation without cycling off and
on. Using correctly sized equipment is imperative to accurately
provide the most flexible and economical sequencing of equip-
ment. Modeling programs or spreadsheets are an excellent way to
compare different staging sequences. Controls can handle a
greater number of sequences, but controls for special staging will
have a higher first cost. Installing more units to deliver the same
capacity that can be delivered by a single piece of equipment typ-
ically increases the cost and space required. This needs to be
checked against the staging and redundancy requirements that
multiple units can provide. If multiple units are to be used, the
designer must verify that the expected load profiles fit the full
load capabilities of one, two, or more of the units installed.

« Rightsizing equipment allows it to operate closer to peak effi-
ciency, as opposed to incorrectly sized units that are forced to
operate at low loads for extended periods of time. It also saves on
the cost of installing extra capacity.

« For central chiller plants, consider using variable-frequency
drives (VFDs) on chillers. Multiple VFD installations on chillers
allow more flexibility in control and energy efficiency of chiller
plant operation. Remember that part-load efficiency increases
when the required lift decreases. This occurs when the condensing
temperature is lowered (cooler condensing fluid) or the discharge
chilled-water temperature is raised.

« Staging cooling towers with the chillers can increase efficiency
and reliability by using as much cooling tower surface and fans as
possible. Coordinating equipment flow (maximum and minimum
at various stages) characteristics is now required by ASHRAE
Standard 90.1 (as of 2013).

« Using exchangers to transfer free or waste energy from one source
to another can provide significant savings. This can also allow
mechanical equipment to unload or turn off completely on non-
peak days. Examples include recovering condenser water for
reheat, recovering energy from a process load to provide free heat,
or preheating domestic or laundry water.
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Discrete loads (e.g., server rooms) may be best served by an
independent system, depending on the load profile of the central
plant; a small, independent system, designed for the discrete load,
can be the most cost-effective approach to handle the 24/7 server
room load while allowing the primary HVAC system to shut off for
a significant number of unoccupied hours. Central plants may not
be able to reliably serve a small, discrete load. For example, a
2000 ton chiller plant serving a large office facility could be selected
with two 1000 ton chillers. An independent computer room server
has a year-round 20 ton load. Operating one 1000 ton chiller, plus
towers and pumps, at less than 100 tons reliably would be extremely
inefficient and possibly detrimental. Serving the discrete load inde-
pendently allows the designer flexibility to evaluate the chiller plant
independent of individual subsystems that may have very different
schedules from the main plant.

Peak cooling load time is affected by outdoor ventilation, out-
door dry- and wet-bulb temperatures, hours of occupancy, interior
equipment heat gain, and relative amounts of north, east, south,
and west exposures. For typical office or classroom buildings with
a balanced distribution of solar exposures, the peak usually occurs
on a midsummer afternoon when the west solar load and outdoor
dry-bulb temperature are at or near concurrent maximums. The
peak cooling period can shift if ventilation rates and internal load
profiles change significantly, as in a restaurant or high-rise residen-
tial building.

Building occupancy diversity can significantly affect the over-
all diversity factor. For example, in a system serving a high
school, the peak cooling period for a classroom is different from
that for the administration offices. Planning load profiles at aca-
demic facilities requires special consideration. Unlike office and
residential applications, educational facilities typically have peak
cooling loads during late summer and early fall.

Peak heating load has less opportunity to accommodate a diver-
sity factor, because equipment is most likely to be selected based
on the sum of individual heating loads when the spaces are not
being used. This load may often occur when the building must be
warmed after an unoccupied weekend setback period. Peak
demand might occur during unoccupied periods when outdoor
temperatures are coldest and there is little internal heat gain, or
during occupied times if a significant amount of outdoor air must
be preconditioned. To accommodate part-load conditions and
energy efficiency, variable flow may be the best economical
choice. It is important for the designer to evaluate plant operation
and system use. Boiler heating loads can typically be handled with
variable flow by using primary/secondary pumping. Some boilers
(e.g., condensing) can also be used in variable primary pumping
arrangements. Chapter 32 discusses this in greater detail.

Security

The designer needs to evaluate the security requirements as part
of the design, commissioning, and maintenance plans for the build-
ing. The team should evaluate the building for security risks in
terms of intentional (terrorist) acts, accidental events, and natural
disasters. Central plants can make it easier to isolate parts of the
HVAC system, but components outside the mechanical room or
outside the building (e.g., air intakes, power and controls connec-
tions) may be of concern.

Special sequences of operation can provide ventilation and iso-
lation during a security event. HVAC and power redundancy,
increased filtration, and sensors are typically included in the secu-
rity plan. Chapter 61 of the 2019 ASHRAE Handbook—Applica-
tions has more detail on developing design, plans, and planned
responses to these types of events. Depending on the building
function, location, and occupants, the security plan may change. It
is very important to remember that early planning and the use of
commissioning can reduce the risk of harm to occupants.

3.3

System Flow Design

The flow configuration of a central system is based on use and
application. Primary variable flow uses variable flow through the
primary equipment (chiller or heating device) and directly pumps
the water to the loads. Variable primary flow typically uses two-
way automatic control valves at terminal equipment and variable-
frequency drive (VFD) pumping (Eigure 1). An older version of
variable flow uses distribution pressure control with a bypass valve
(Eigure 2). This option keeps full flow in the chiller or boiler, but
sacrifices the savings of the VFD on the pumps. Both methods con-
trol system pressure, usually at the hydraulically most remote point
(last control valve and terminal unit) in the water system.

The design engineer should work with the equipment manufac-
turer to ensure minimum equipment flow rates are maintained
throughout the building load profile, and to determine whether any
additional components or ancillary equipment is required. Chillers
are typically selected with higher water velocities (6 to 8 fpm) and
water pressure drops at full load in the evaporator to provide
improved turndown on the water flow while maintaining the
required minimum equipment flow. The chilled-water pumps are
not dedicated to specific chillers/boilers, but run off of a common
header to allow the chillers to operate over a wide range of flows
(Eigure 1). The valve in the bypass line is closed until system flow
drops to the minimum flow of the operating chiller/boiler(s). Flow
transitions when staging a chiller off and on are the most critical.
Check each chiller’s minimum and maximum flow to ensure that
the pumps can maintain the required flow rate range from mini-
mum to 100% load. Multiple chillers or those with higher turn-
down ratios make this easier. Avoid variable primary systems
where there are poor controls or limited operator training.

Constant primary/variable secondary flow hydraulically
decouples the primary production system (chilled- or heating-
water), which is commonly constant flow, from the secondary dis-

Fig. 1 Primary Variable-Flow System
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tribution. A variable-flow secondary piping system distributes the
chilled or heating medium to the point of use (Eigures 3 and 4).
This is probably the most common pumping flow arrangement in
use, and allows for easy redundancy with all primary components
and easy isolation of units as they cycle off or need to be serviced.

Primary/secondary pumping maintains constant design flow in
each chiller (or boiler) during operation. The secondary (load)
pumps vary their flow rates to match system demand by maintain-
ing a set pressure in the loop. A decoupler line between the pri-
mary and secondary loops allows the two sets of pumps to operate
at different flow rates. The constant-flow primary helps because
many chillers and boilers require full flow or are limited in the
amount of flow reduction they can handle.

The primary pumps are sized for the chiller flows and pressure
drops associated with the central plant. The secondary pumps are
selected for the building flows and their pressure drops, plus the
secondary distribution system, which typically exceeds that of the
primary loop. This allows for saving on the largest part of the
pumping energy by varying the flows on the building loads.

Improved chiller controls and lower VFD costs have made
VFDs on primary pumps a flexible and economical way to tune
chiller flow without trimming pump impellers or using a throttling
valve. Condenser pumps generally need less head capability than
the secondary pumps because the towers are typically close. VFDs
can be used on these pumps, but they are typically smaller pumps.
The designer should be careful when reducing flow on the towers,
which can increase the return tower water temperature and chiller
energy use. Also, varying flow across the cooling tower can greatly
affect tower performance.

In Eigure 3, multiple tower cells have been selected to match the
number of chillers. Note that running 50% of the water through
both cells with each fan at 50% speed uses less energy than one
tower at 100% flow and fan speed. The designer should confirm
that the towers can handle reduced flow (fairly common with
newer towers).
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When using either primary/secondary or primary variable-flow
designs, the engineer should understand the design differences be-
tween the use of two- and three-way modulating valves (see Chapter
46).

Variable-flow designs modulate chilled- or heating-water flow
through the distribution loop. As terminal units satisfy demand, a
two-way valve modulates toward closed, causing the system pres-
sure to increase above the design point. To compensate, a VFD
reduces pump speed, thereby reducing flow and pressure to the
control point. Pump speed is usually controlled by a differential
pressure sensor. Other recent technologies sense valve positions
throughout the system and optimize flow accordingly. As the pres-
sure differential increases (the result of valves closing), the VFD
reduces speed to maintain the pressure set point. As system



Central Cooling and Heating Plants

demand requires increased flow, the control valves modulate open,
reducing system differential pressure. The reduction in differential
pressure causes the VFD to increase pump speed to maintain the
pressure set point and meet system flow demand.

Care should be taken during design to ensure minimum flow is
achieved in the secondary loop under part-load operation through-
out the system. When selecting the distribution system pump,
ensure distribution flow does not exceed production flow, which
could cause a temperature drop in the secondary loop if flow
exceeds demand, leading to low AT syndrome (see, e.g., Taylor
[2002]). The engineer should evaluate operational conditions at
part load to minimize the potential for this to occur

With primary variable-flow, a single set of pumps modulates the
primary chilled- or heating-water flow, using a VFD to control
pump speed. Primary variable-flow systems use modulating two-
way control valves across each heat transfer device (as in the pri-
mary/secondary system). Chillers and boilers have minimum water
flow rates that must be maintained to ensure proper operation. A
bypass or other method to maintain minimum flows must be
installed if the minimum system loads can be less than the mini-
mum equipment limits.

An older design, which has been used for many years, is a
straight constant-volume primary system. Hydronic pumps dis-
tribute water through the energy equipment and to the point of use.
Both pumping energy and distribution flow are constant. This
design is best suited to stable process loads, or may be seen in
older systems that were installed before VFDs were common.
Constant flow generally requires three-way valves to maintain the
minimum required flow rate through generating equipment and not
over pump the coils and loads. These systems are usually much
more expensive to operate and, therefore, less attractive in central
HVAC systems. Take care with this type of design, because many
current energy codes (including ASHRAE Standard 90.1) do not
allow using pump motors without variable-frequency drives.

Energy Recovery and Thermal Storage

Energy recovery and thermal storage strategies can be applied
to a central cooling and heating plant. See ASHRAE Standard
90.1 for systems and conditions requiring energy recovery.
Water-to-water energy recovery systems are common and readily
available. Thermal storage using water or ice storage can be
adapted to central plants. See Chapter 26 in this volume and
Chapters 35 to 37 and 42 in the 2019 ASHRAE Handbook—HVAC
Applications for more information on energy-related opportuni-
ties. Thermal energy storage (TES) systems may offer strategies
for both part-load and peak-load energy reduction. Base-loading
plant operation for a more flat-line energy consumption profile of
a large plant, for example, may help reduce energy costs. Thermal
energy storage of chilled water, ice, or heating water offers a
medium for capacity redundancy, with potential reductions in
both heating and cooling infrastructure equipment sizing.

3. EQUIPMENT

Primary Refrigeration Equipment

Chillers are the major cooling equipment in central plants. They
chill water or other low-temperature fluid, which is then pumped
throughout the buildings served. Chillers vary in type and applica-
tion, and fall into two major categories: (1) vapor-compression re-
frigeration (compressorized) chillers, and (2) absorption-cycle
chillers. The chiller plant may have either, or a combination of, these
machine types. Cooling towers, air-cooled condensers, evaporative
condensers, or some combination are also needed to reject heat from
this equipment. Energy for the prime driver of cooling equipment
may also come from waste heat from a combined heat and power
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(CHP) system or other energy-using system that would normally re-
ject heat to the atmosphere. Chapters 38 and 43 discuss refrigeration
equipment, including the size range of available equipment.

Compressorized chillers feature scroll, helical rotary (screw),
and centrifugal compressors, which may be driven by electric
motors; natural gas-, diesel-, or oil-fired internal combustion
engines; combustion turbines; or steam turbines. Compressor selec-
tion typically depends on capacity, first-cost budget limitations, and
life-cycle cost.

Compressors are a part of the chiller that also includes the
evaporator, condenser, safety and operating controls, and possi-
bly a VFD to control the compressor driver. Reciprocating and
helical rotary compressor units can be field assembled and
include air- or water-cooled (evaporative) condensers designed
for remote installation. Centrifugal compressors are usually
included in larger packaged chillers, though they can be field
erected on very-large-capacity chiller systems. Chillers require
heat rejection equipment that can be unit mounted or remote, as
well as air or water cooled. Chapter 38 has more detailed infor-
mation about compressors.

Absorption chillers may be single or double effect. These terms
refer to the number of times the solution is distilled, with double
effect typically being higher capacity and more efficient, but using
more energy than single effect. Like centrifugal chillers, absorption
chillers require cooling towers to reject heat. Absorption chillers
use a lithium bromide/water cycle in which the lithium bromide/
water solution is the refrigerant. They are generally available in the
following configurations: (1) natural gas direct fired, (2) indirect
generated by low pressure steam or hot water, (3) indirect generated
by high-pressure steam or high-temperature hot water, and
(4) indirect generated by hot exhaust gas. Chapter 18 of the 2018
ASHRAE Handbook—Refrigeration discusses absorption air-condi-
tioning and refrigeration equipment in more detail.

Ancillary Refrigeration Equipment

Ancillary equipment for central cooling plants consists primar-
ily of heat-rejection equipment (air-cooled condensers, evaporative
condensers, and cooling towers), pumps (primary, secondary, and
tertiary), and heat exchangers (water-to-water). For more detailed
information, see Chapters 26, 39, 40, and 42 to 47.

As part of a packaged air-cooled chiller, air-cooled condensers
pass outdoor air over a dry coil to condense the refrigerant. This
can result in a higher condensing temperature than a water-cooled
condenser would provide, and thus a higher power input at peak
condition (though peak time may be relatively short over a 24 h
period). Newer designs for air-cooled chillers can offer larger con-
denser surfaces to provide efficiencies closer to those of water-
cooled units without the requirement for a cooling tower. Air-
cooled condensers are popular with scroll and screw compressors,
which can handle a wide range of ambient air temperatures. They
generally have lower maintenance requirements, but incur a pen-
alty for using the dry-bulb temperature as opposed to the wet-bulb
temperature used by water-cooled equipment. Air-cooled equip-
ment may be appropriate in high-wet-bulb environments, because
cooling tower supply water temperature is a function of the wet-
bulb temperature. They are also more common in smaller systems
and in cooler climates that require more freeze protection and have
lower peak temperatures.

Evaporative condensers pass outdoor air over coils sprayed
with water, thus taking advantage of the heat that is absorbed in
the evaporation process to lower the condensing temperature.
Freeze prevention and close control of water treatment are
required for successful operation. The lower power consumption
of the refrigeration system and much smaller footprint of the
evaporative condenser are gained at the expense of the cost of
water and water treatment used and increased maintenance cost.
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Cooling towers provide heat rejection by passing outdoor air
through an open condenser return water spray to achieve adiabatic
cooling performance. Either natural or mechanical-draft cooling
towers or spray ponds can be used; the mechanical-draft tower
(forced draft, induced draft, or ejector) can be designed for most
conditions because it does not depend on wind. Cooling tower
types and sizes range from packaged units to field-erected towers
with multiple cells in unlimited sizes. Location of cooling towers
should consider issues such as reingestion or short-circuiting of
discharge heat rejection air, tower plume, proximity to outdoor air
intakes, and the effect of drift on adjacent roadways, buildings, and
parking lots. As with evaporative condensers, freeze protection
may be required. Water treatment is necessary for successful oper-
ation to prevent scaling, biological growth (e.g., Legionella), and
to prevent corrosion. More detail on cooling towers can be found
in Chapter 14.

Makeup water subtraction meters should be evaluated for
both evaporative condensers and cooling towers by the design
engineer or owner. In many areas, sewage costs are part of the
overall water bill, and most domestic water supplied to a typical
facility goes into the sewage system. However, evaporated con-
denser water is not drained to sewer, and if a utility-grade meter is
used to measure the difference between makeup and blowdown
water quantity, potential savings can be available to the owner for
water not discharged into the sewer. Metering should be evaluated
with chilled-water plants, especially those in operation year-round.
Consult with the water supplier to identify compliance require-
ments. Consider piping cooling tower water blowdown and drain-
age (e.g., to remove dissolved solids or allow maintenance when
installing subtraction meters) to the storm drainage system, but
note that environmental effects of the water chemistry must be
evaluated before taking this step. Where chemical treatment condi-
tions do not meet environmental outfall requirements, drainage to
the sanitary system may still be required unless prefiltration can be
incorporated.

Water pumps move both chilled and condenser water to and
from the refrigeration equipment and associated ancillary equip-
ment. Different pumping arrangements can provide operational
savings associated with variable speed pumps, but ways to address
application issues such as equipment staging or low AT syndrome
should be considered. See Chapter 44 for additional information
on centrifugal pumps, and Chapters 12 to 14 for system design.

Pumps should be headered to allow them to operate with any (as
shown in Figures 1 to 3). Dedicating pumps to a chiller boiler or
tower cell reduces redundancy and limits flow options to equip-
ment.

Heat exchangers provide both operational and energy recovery
cost-saving opportunities for central cooling plants. Operational
opportunities often involve heat transfer between building systems
that must be kept separated because of different pressures, media,
cleanliness, etc. For example, heat exchangers can thermally link a
low-pressure, low-rise building system with a high-pressure, high-
rise building system. Heat exchangers can also transfer heat be-
tween chemically treated or open, contaminated water systems and
closed, clean water systems (e.g., between a central cooling plant
chilled-water system and a highly purified, process cooling water
system, or potentially dirty pond water and a closed-loop con-
denser water system).

To conserve energy, water-to-water heat exchangers can provide
water-side economizer opportunities. When outdoor conditions al-
low, condenser water can cool chilled water through a heat ex-
changer, using the cooling tower and pumps rather than a
compressor. This approach should be considered when year-round
chilled water is needed to satisfy a process load, or when an air-
side economizer is not possible because of design requirements or
limitations (e.g., space humidity requirements, lack of space for

the required ductwork).Water-side economizers can also save on
humidification costs in cold, dry climates by reducing the percent-
age of cold, dry outdoor air delivery to the building from air-side
economizers.

Plant Controls. Direct digital control (DDC) systems should
be considered for control accuracy and reliability. Temperature,
flow, and energy use are best measured and controlled with mod-
ern DDC technology. Electric actuation is most common. Pneu-
matic actuation might be considered where torque or rapid
response of powered actuation is required; medium-pressure air
supply (typically 30 to 60 psig) is best. Consider using program-
mable logic controllers (PLCs) for plants where future expansion/
growth is a possibility and changes to DDC controls would be cost
prohibitive. Smaller plants can use the onboard chiller control
panel, providing a simplified control system at a lower installed
cost.

Codes and Standards. Specific code requirements and stan-
dards apply when designing central cooling plants. For cooling
equipment, refer to ASHRAE Standard 15; Chapter 51 of this vol-
ume provides a comprehensive list of codes and standards associ-
ated with cooling plant design, installation, and operation.
ASHRAE Standard 90.1, the International Energy Conservation
Code® (IECC®; ICC [2018]), or local energy standards typically
govern minimum equipment efficiencies, acceptable control
sequences, economizer use, and other details. Follow manufactur-
ers’ recommendations and federal, state, and local codes and stan-
dards.

Primary Heating Equipment

Boilers are the major heating equipment used in central heating
plants. They vary in type and application, and include combined
heat and power (CHP) equipment and waste heat boilers. Chapter
32 discusses boilers in detail, including the size ranges of typical
equipment.

A boiler adds heat to the working medium, which is then dis-
tributed throughout the building(s) and/or campus. The working
medium may be either water or steam, which can further be classi-
fied by temperature and pressure range. Steam, often used to trans-
port energy over long distances, is converted to low-temperature hot
water in a heat exchanger near the point of use. Although steam is
an acceptable medium for heat transfer, low-temperature hot water
is the most common and a more uniform and more easily controlled
medium for providing heating and process heat (e.g., heating water
to 200°F for heating and up to 140 to 160°F for domestic hot
water). Elevated steam pressures and high-temperature hot-water
boilers are also used. Both hot-water and steam boilers have the
same type of construction criteria, based on operating temperature
and pressure.

A boiler may be purchased as a package that includes the
burner, fire chamber, heat exchanger section, flue gas passage, fuel
train, and necessary safety and operating controls. Cast-iron and
water-side boilers can be field-assembled, but fire-tube, scotch
marine, and waste-heat boilers are usually packaged units.

Energy Sources. The energy used by a boiler (i.e., its fuel
source) may be electricity, natural gas or propane, oil, coal, or
combustible waste material, though natural gas and fossil-fuel oil
(No. 2, 4, or 6 grade) are most common, either alone or in combi-
nation. Selecting a fuel source requires a detailed analysis of
energy prices and availability (e.g., natural gas and primary elec-
trical power). The availability of fuel oil or coal delivery is
affected by road access and storage for deliveries.

Energy for heating may also come from waste heat from a CHP
system. Plant production efficiency is improved when waste heat
can be reclaimed and transferred to a heat source. A heat recovery
generator can be used to convert the heat byproduct of electric gen-
eration to steam or hot water to meet a facility’s heating needs
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when the thermal load meets or exceeds the heat rejection capacity
of the electric generation. This can help with cost-effective plant
operation.

Additionally, attention to the design of an efficient and main-
tainable condensate return system for a central steam distribution
plant is important. A well-designed condensate return system in-
creases overall efficiencies and reduces both chemical and makeup
water use.

Codes and Standards. Specific code requirements and stan-
dards apply when designing central heating boiler plants. It is im-
portant to note that for some applications (e.g., high-pressure
boilers) and in some locations, continuous attendance by licensed
operators is required for the area of the heating surface. Operating
cost considerations should be included in determining such appli-
cations. Numerous codes, standards, and manufacturers’ recom-
mendations need to be followed. Refer to Chapter 51 for a
comprehensive list of codes and standards associated with this
equipment, plant design, installation, and operation, and consult
local or state fuel gas code requirements.

Ancillary Heating Equipment

Steam Plants. Boiler feed equipment, including the receiver(s)
and associated pump(s), serve as a reservoir for condensate and
makeup water waiting to be used by the steam boiler. The boiler
feed pump provides system condensate and water makeup back to
the boiler on an as-needed basis, at the delivery pressure of the
steam supply.

Deaerators help eliminate oxygen and carbon dioxide from the
feed water or steam to reduce the corrosive and detrimental effects
of those contaminants (see Chapter 50 of the 2019 ASHRAE Hand-
book—HVAC Applications for more information).

Chemicals can be fed using several methods or a combination
of methods, depending on the chemical(s) used (e.g., chelants,
amines, 0xygen scavengers).

Surge tanks are also applicable to steam boiler plants to accom-
modate large quantities of condensate water return and are primar-
ily used where there is a rapid demand for steam (e.g., morning
start-up of a central heating plant).

See Chapter 11 for more information on steam systems.

Hot-Water Plants. Ancillary equipment associated with cen-
tral hot-water heating plants consists primarily of pumps and pos-
sibly heat exchanger(s). Water pumps move hot-water supply and
return to and from the boiler equipment and associated ancillary
equipment. See Chapter 44 for additional information on centrifu-
gal pumps, as well as Chapters 11 to 13 and Chapter 15 for system
design.

Heat Exchangers. Heat exchangers offer operational and
energy recovery opportunities for central heating plants. Opera-
tional opportunities for heat exchangers involve combining steam
system heating delivery capabilities with hot-water heating system
supply and control capabilities.

Air-to-water and water-to-water heat exchangers provide oppor-
tunities for economizing and heat recovery in a central heating
plant (e.g., flue gas exhaust heat recovery and boiler blowdown
heat recovery).

For more detailed information on ancillary equipment, see

Chapters 31 to 33 and Chapter 35.

4. DISTRIBUTION SYSTEMS

The major piping in a central cooling plant can include, but is
not limited to, chilled-water, condenser water, city water, natural
gas, fuel oil, refrigerant, vent, and drainage systems. For a central
steam heating plant, the major piping includes steam supply, con-
densate return, pumped condensate, boiler feed, city water (and/or
softened or otherwise treated water), natural gas, fuel oil, vent, and
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drainage systems. For a central hot-water heating plant, it includes
hot-water supply and return, city water, natural gas, fuel oil, vent,
and drainage systems. In the 2017 ASHRAE Handbook—Funda-
mentals, see Chapter 22 for information on sizing pipes, and Chap-
ter 38 for identification, color-coding, abbreviations, and symbols
for piping systems.

Design selection of cooling and heating temperature set points
(supply and return water) can affect first and operating costs.
Water systems with a large temperature difference between supply
and return water have lower flow requirements and can allow
smaller pipe sizing and smaller valves, fittings, and insulation,
which can lower installation cost. However, these savings may be
offset by the larger coils and heat exchangers at the point of use
needed to accomplish the required heat transfer. A similar design
strategy can be achieved by reviewing the steam pressure differen-
tial.

Determining the optimum cooling and heating water supply and
return temperatures requires design consideration of equipment
performance, particularly the energy required to produce the sup-
ply water temperature. Although end users set water temperatures,
the colder the cooling water, the more energy is needed by the
chiller, and conversely, the warmer the return water, the less energy
is consumed by the chiller. Similar issues affect hot-water supply
temperature and steam operating pressure. Supply water reset may
be used when peak capacity is not needed, potentially reducing
energy consumption. This reduces chiller power input, but those
savings may be offset by increased pump power input due to
higher water flows required to achieve the needed capacity. Also,
raising chilled-water temperatures diminishes the latent removal
capacity of cooling and dehumidification equipment, and may
adversely affect control of interior humidity.

Energy implications for the whole system must be considered.
The design engineer should consider using higher temperature dif-
ferences between supply and return to reduce the pump energy
required by the distribution system, for both heating and chilled-
water systems. Additionally, central plant production systems (e.g.,
boilers, steam-to-heating-water converters, chillers) operate more
efficiently with higher return water temperatures.

During conceptual planning and design, or as early in design as
possible, the engineer should evaluate the type(s) of facilities
(existing and planned future) to which the central system will
deliver service. When using variable-flow distribution with a con-
stant design temperature differential between the supply and return
medium, it is critical to avoid low AT syndrome (see, e.g., Taylor
[2002]). The engineer should attempt to ensure this condition is
minimized or avoided, or at minimum, perform due diligence to
make the owner aware of the potential shortfalls where this is
allowed to occur. With existing constant-flow/variable-temperature
systems, take measures to avoid losing the conceptual design strat-
egy of a variable-flow/constant-temperature split. Examples of
connection strategies that are less costly than full renovation of a
connected facility are (1) return recirculation control, to maintain a
design temperature difference across a facility connection, or (2)
separation of primary distribution supply from the secondary facil-
ity connection by a plate-and-frame heat exchanger with a control
valve on the primary return controlled by the secondary supply to
the facility. If reduction of temperature differential is allowed,
increased flow of the medium through the distribution system will
be required to accomplish the same capacity. This increase in flow
increases pump power and chiller plant energy, compromising the
available capacity and operation of the system.

Consider hydraulically modeling the cooling and heating media
(chilled water, heating water, steam, domestic water, natural gas,
etc.). With an emphasis on centralizing the source of cooling and
heating, a performance template can be created for large plants by
computerized profiling of cooling and heating delivery. Hydraulic
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modeling provides the economic benefits of predesigning the
built-out completed system before installing the initial phase of
the project. The model also helps troubleshoot existing systems,
select pumps, project energy usage, and develop operation strat-
egy.

Energy conservation and management can best be achieved
with computerized design and facility management resources to
simulate delivery and then monitor and measure the actual distri-
bution performance.

5. SOUND, VIBRATION, SEISMIC, AND WIND
CONSIDERATIONS

Sound and Vibration

Proper space planning is key to sound and vibration control in
central plant design. For example, central plants are frequently
located at or below grade. This provides a very stable platform for
vibration isolation and greatly reduces the likelihood of vibration
being transmitted into the occupied structure, where it can be regen-
erated as sound. Also, locating the central ventilation louvers or
other openings away from sound- and vibration-sensitive areas
greatly reduces the potential for problems in those areas. As a
guide, maintain free area around louvers as specified in ASHRAE
Standard 15.

Vibration and sound transmitted both into the space served by the
plant and to neighboring buildings and areas should be considered in
determining how much acoustical treatment is appropriate for the
design, especially if the plant is located near sensitive spaces such
as conference rooms, sleeping quarters, or residences. See the sec-
tion on Space Considerations for further discussion of space plan-
ning.

Acoustics must also be considered for equipment outside the
central plant. For example, roof-mounted cooling tower fans some-
times transmit significant vibration to the building structure and
generate ambient sound. Many communities limit machinery
sound pressure levels at the property line, which affects the design
and placement of equipment. See Chapter 49 of the 2019 ASHRAE
Handbook—HVAC Applications for more detailed information on
sound and vibration.

Seismic and Wind Issues

Depending on code requirements and the facility’s location
with respect to seismic fault lines, seismic bracing may be
required for the central plant equipment and distribution systems.
For instance, a hospital located in a seismically active area must be
able to remain open and operational to treat casualties in the after-
math of an earthquake. Additionally, outdoor equipment in some
areas needs appropriate bracing for wind loads. This is particularly
apparent in critical operations facilities in areas susceptible to hur-
ricanes or tornadoes. Most building codes require that measures
such as anchors and bracing be applied to the HVAC system. Refer
to the local authority responsible for requirements, and to Chapter
56 of the 2019 ASHRAE Handbook—HVAC Applications for
design guidance.

6. SPACE CONSIDERATIONS

In the very early phases of building design, architects, owners,
and space planners often ask the engineer to estimate how much
building space will be needed for mechanical equipment. The type
of mechanical system selected, building configuration, and other
variables govern the space required, and many experienced engi-
neers have developed rules of thumb to estimate the building space
needed. Although few buildings are identical in design and con-
cept, some basic criteria apply to most buildings and help approxi-
mate final space allocation requirements. These space

requirements are often expressed as a percentage of the total build-
ing floor area; the combined mechanical and electrical space
requirement of most buildings is 6 to 9% of total building area.

Space for chillers, pumps, and towers should not only include
installation footprints but should also account for adequate clear-
ance to perform routine and major maintenance. Generally, 4 ft
service clearance (or the equipment manufacturer’s minimum re-
quired clearance, whichever is greater) around equipment for oper-
ator maintenance and service is sufficient. For chillers and boilers,
one end or side of the equipment should be provided with free
space, to allow for tube pull clearance. In many cases, designers
provide service bay roll-up doors or removable ventilation louvers
(if winter conditions do not cause freeze damage issues) to allow
tube access. Overhead service height is also required, especially
where chillers are installed. Provision for 20 ft ceilings in a central
plant is not uncommon, to accommodate piping, component re-
moval, and service clearance dimensions.

Plant designs incorporating steam supply from a separate cen-
tral boiler plant may use steam-to-heating-water converters and the
heating distribution equipment (e.g., pumps) along with the
chilled-water production equipment and distribution infrastructure.
Where a boiler installation and associated heating distribution
equipment and appurtenances are required, the plant’s physical
size increases to account for the type of boiler and required exhaust
emissions treatment. Generally, for central heating plants, steam or
heating water and chilled-water production systems must be sepa-
rated during design, which may further increase the overall foot-
print of the plant. (Refer to ASHRAE Standard 15 for limitations.)

The arrangement and strategic location of the mechanical
spaces during planning affects the percentage of space required.
For example, the relationship between outdoor air intakes and
loading docks, exhaust, and other contaminating sources should
be considered during architectural planning. The final mechani-
cal room size, orientation, and location are established after dis-
cussion with the architect and owner. The design engineer should
keep the architect, owner, and facility engineer informed, when-
ever possible, about the HVAC analysis and system selection.
Space criteria should satisfy both the architect and the owner or
owner’s representative, though this often requires some compro-
mise. The design engineer should strive to understand the
owner’s needs and desires and the architect’s vision for the build-
ing, while fully explaining the advantages, disadvantages, risks,
and rewards of various options for mechanical and electrical
room size, orientation, and location. All systems should be coor-
dinated during the space-planning stage to safely and effectively
operate and maintain the central cooling and heating plant.

In addition, the mechanical engineer sometimes must represent
other engineering disciplines in central plant space planning. If
so, it is important for the engineer to understand the basics of
electrical and plumbing required for central plant equipment. The
main electrical transformer and switchgear rooms should be
located as close to the incoming electrical service as practical.
The main electric transformers and switchgear for the plant and
the mechanical equipment switchgear panels should be in sepa-
rate rooms that only authorized electricians can enter. If there is
an emergency generator, it should be located considering (1)
proximity to emergency electrical loads, (2) sources of combus-
tion and cooling air, (3) fuel sources, (4) ease of properly venting
exhaust gases outside, and (5) provisions for sound control.

The main plumbing equipment usually contains gas and domes-
tic water meters, the domestic hot-water system, the fire protection
system, and elements such as compressed air, special gases, and
vacuum, sewage ejector, and sump pumps. Some water and gas
utilities require a remote outdoor meter location.

The heating and air-conditioning equipment room houses the
(1) boiler, pressure-reducing station, or both; (2) refrigeration
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machines, including chilled-water and condensing-water pumps;
(3) converters for furnishing hot or cold water for heating and/or
air conditioning; (4) control air compressors, if any; (5) vacuum
and condensate pumps; and (6) miscellaneous equipment. For both
chillers and boilers, especially in a centralized application, full
access is needed on all sides (including overhead) for extended
operation, maintenance, annual inspections of tubes, and tube
replacement and repair. Where appropriate, the designer should
include overhead structural elements to allow safe rigging of
equipment. Ideally, large central facilities should include overhead
cranes or gantries. It is critical to consult local codes and ASHRAE
Standard 15 for special equipment room requirements. Many juris-
dictions require monitoring, alarms, evacuation procedures, sepa-
rating refrigeration and fuel-fired equipment, and high rates of
purge ventilation.

A proper operating environment for equipment and those main-
taining it must also be provided. This may involve heating the
space for freeze protection and/or cooling the space to prevent
overheating motors and controls. HVAC equipment serving the
central plant itself may be housed in its own equipment room and
serve the chiller, boiler room, and adjacent rooms (e.qg., switchgear
room, office space, generator room, pump room, machine shop).
Where refrigeration equipment is installed, follow design require-
ments in ASHRAE Standard 15.

Location of Central Plant and Equipment

Although large central plants are most often located at or below
grade, it is often economical to locate the refrigeration plant at the
top of the building, on the roof, or on intermediate floors. In flood-
prone areas, an above-grade installation can provide necessary pro-
tection against submersion of critical equipment. For central
plants, on-grade should be the first choice, followed by below
grade. The designer must always ensure access for maintenance
and component or total replacement. Locating major equipment in
roof penthouses may pose significant access problems for repair
and replacement. For single high-rise central plants, intermediate-
floor locations that are closer to the load may allow pumping
equipment to operate at a lower pressure. A life-cycle cost analysis
(LCCA) should include differences in plant location to identify the
most attractive plant sustainability options during the planning
stage. The LCCA should consider equipment maintenance access,
repair, and replacement during the life of the plant, as determined
in the owner’s criteria. If not identified, an engineer should suggest
to the owner or client that maintenance criteria be included as a
component in developing the LCCA (see the section on Mainte-
nance Management Systems). Electrical service and structural
costs are greater when intermediate-floor instead of ground-level
locations are used, but may be offset by reduced energy consump-
tion and condenser and chilled-water piping costs. The boiler plant
may also be placed on the roof, eliminating the need for a chimney
through the building.

Benefits of locating the air-cooled or evaporative condenser
and/or cooling tower on the ground versus the roof should be eval-
uated. Personnel safety, security, ambient sound, and contamina-
tion from hazardous water vapors are some of the considerations
that help determine final equipment location. Also, structural
requirements (e.g., steel to support roof-mounted equipment, or a
concrete pad and structural steel needed to locate equipment at or
near grade) require evaluation. When locating a cooling tower at or
near grade, the net positive suction head on the pump suction and
overflow of condenser water out of the cooling tower sump should
be studied if the tower is below, at, or slightly above the level of the
condenser water pump or chiller.

Numerous variables should be considered when determining the
optimum location of a central cooling or heating plant. When locat-
ing the plant, consider the following:
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« Operating weight of the equipment and its effect on structural costs

« Vibration from primary and ancillary equipment and its effect on
adjacent spaces in any direction

« Sound levels from primary and ancillary equipment and their
effect on adjacent spaces in any direction

« Location of electrical utilities for the central plant room, includ-
ing primary electric service and associated switchgear and motor
control center, as well as electrical transformer location and its
entrance into the building

« Location of city water and fire pump room (it may be desirable to
consolidate these systems near the central plant room)

« Accessibility into the area and clearances around equipment for
employee access, equipment and material delivery, and major
equipment replacement, repair, scheduled teardown, and rigging

« Location of cooling, refrigerant relief piping, heating, vents, and
boiler flue and stack distribution out of the central plant and into
the building, along with the flow path of possible vented hazard-
ous chemical, steam, or combustion exhaust products

* Need for shafts to provide vertical distribution of cooling and

heating services in the building

Future expansion plans of the central plant (e.g., oversizing the

central plant now for adding more primary equipment later, based

on master planning of the facility)

 Architectural effect on the site

« Location of boiler chimney/flue

« Loading dock for materials and supplies

» Roadway and parking considerations

« Storage of fuel

« Electrical transformer location

« Underground and/or overhead utility and central cooling and
heating system distribution around the central plant and to the
building(s)

« Wind effect on cooling tower plume or other volatile discharges
such as boiler emissions.

Central Plant Security

Security around a central plant must be considered in design,
and should include standby electrical power generation and pro-
duction of central cooling and heating for critical applications in
times of outages or crisis.

Restricted access and proper location of exposed intakes and
vents must be designed into the central plant layout to protect the
facility from attack and protect people from injury. Use care in
locating exposed equipment, vents, and intakes, especially at
ground level. Above ground and at least 10 to 15 ft from access to
intake face is preferred for the location of intakes. When this is not
possible, fencing around exposed equipment, such as cooling tow-
ers and central plant intakes, should be kept locked at all times to
prevent unauthorized access. Ensure that fencing is open to airflow
so it does not adversely affect equipment performance. Air intakes
should be located above street level if possible, and vents should be
directed so they cannot discharge directly on passing pedestrians
or into an air intake of the same or an adjacent facility.

7. AUTOMATIC CONTROLS AND BUILDING
MANAGEMENT SYSTEMS

One advantage of central cooling and heating plants is easier
implementation of building automation because the major and
ancillary equipment is consolidated in one location. Computerized
automatic controls can significantly affect system performance. A
facility management system to monitor system points and overall
system performance should be considered for any large, complex
air-conditioning system. This allows a single operator to monitor
performance at many points in a building and make adjustments to
increase occupant comfort and to free maintenance staff for other
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duties. Chapter 48 of the 2019 ASHRAE Handbook—HVAC Appli-
cations describes design and application of controls.

Software to consider when designing, managing, and improving
central plant performance should include the following:

» Automatic controls that can interface with other control software
(e.g., equipment manufacturers’ unit-mounted controls)

Energy management system (EMS) control

Hydraulic modeling, as well as metering and monitoring of dis-
tribution systems

Using VFDs on equipment (e.g., chillers, pumps, cooling tower
fans) to improve system control and to control energy to consume
only the energy required to meet the design parameters (e.g., tem-
perature, flow, pressure).

Computer-aided facility management (CAFM) for integrating
other software (e.g., record drawings, operation and maintenance
manuals, asset database)

Computerized maintenance management software (CMMS)
Automation from other trades (e.g., fire alarm, life safety, medical
gases, etc.)

Regulatory functions (e.g., refrigerant management, federal, state
and local agencies, etc.)

Use of three-dimensional/building information modeling (BIM)
in plant design that can be incorporated into the operational and
maintenance scheme when the plant is completed and placed in
operation

Automatic controls for central cooling and/or heating plants
may include standard equipment manufacturer’s control logic
along with optional, enhanced energy-efficiency control logic.
These specialized control systems can be based on different architec-
tures such as distributed controls, programmable logic controllers, or
microprocessor-based systems. Beyond standard control technology,
the following control points and strategies may be needed for primary
equipment, ancillary equipment, and the overall system:

« Discharge temperatures and/or pressures to verify component
operation

Return and supply temperatures to monitor and control AT

Head pressure for refrigerant and/or water to ensure compressors
and pumps are operating correctly

Stack temperature to ensure boilers are operating properly
 Carbon monoxide and/or carbon dioxide levels (can indicate
over- or underventilation)

Differential pressures (indicate whether flow or pressure drops
are changing)

Flow rates of supply and return water and air, ventilation, etc. (all
indicate energy use)

Peak and hourly refrigeration output

Peak and hourly heat energy output

Peak and hourly steam output

Flow rate of fuel(s) and electric demand by type of use
Temperature and/or pressure set points and status

Night setback status and set points

Economizer cycle status and set points

Variable flow through equipment and/or system control
Variable-frequency drive speeds, set points, and override status
Thermal storage control set points, charge mode, and percent
capacity

Heat recovery cycle temperatures and performance

Occupancy status and override settings

Local weather conditions, including dry-bulb temperature, dew
point, and forecast

History of these data points and building performance

See Chapter 43 of the 2019 ASHRAE Handbook—HVAC Appli-
cations for more information on control strategies and optimization.
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The coefficient of performance (COP) for the entire chilled-
water plant can be monitored and allows the plant operator to deter-
mine the overall operating efficiency of a plant. Central plant COP
can be expressed in the following terms:

 Annual heating or refrigeration per unit of building area (Btu per
hour per square foot per year)

 Energy used per unit of refrigeration (kilowatt-hours per ton)

 Annual power required per unit of refrigeration per unit of building
area (kilowatts per ton per square foot per year)

Instrumentation

It is very important to measure and track performance of HVAC
equipment to ensure that it is performing as intended and not drift-
ing over time. Making it easier for personnel to review and trend
the data is a key step in continuous commissioning. Dashboards
and trending graphs can provide immediate visual representations
of energy use and efficiency to highlight problems and items that
need to be addressed.

Whole-building and occupancy measurements are useful for
scheduling and usage issues (some of the most common and waste-
ful problems). Additional breakdowns of energy use by type and
zone (chiller, boiler, fans, lights, etc.) allows better tracking and
conservation over time. Some codes require separate power meters
and trending by type of use.

All instrument operations where cooling or heating output are
measured should have instrumentation calibration that is traceable
to the National Institute of Standards and Technology (NIST).

The importance of local gages and indicating devices, with
or without a facility management system, should not be over-
looked. All equipment must have adequate pressure gages, ther-
mometers, flow meters, balancing devices, and dampers for
effective performance, monitoring, and commissioning (see also
ASHRAE Guideline 22). In addition, capped thermometer wells,
gage cocks, capped duct openings, and volume dampers should
be installed at strategic points for system balancing. Chapter 39
of the 2019 ASHRAE Handbook—HVAC Applications indicates
the locations and types of fittings required. Chapter 37 of the
2017 ASHRAE Handbook—Fundamentals has more informa-
tion on measurement and instruments.

8. MAINTENANCE MANAGEMENT SYSTEMS

A review with the end user (owner) should be done, to under-
stand the owner’s requirements for operation (e.g., if an owner has
an in-house staff, more frequent access may be required, which
may affect the extent to which a designer incorporates access).
Reviewing ASHRAE Guideline 4 and Standard 15 with the owner
can provide insight to the development of a maintenance plan. If
maintenance is outsourced, extensive access may not be as high a
priority. In some cases, regulatory and code access may be the
only determining factors.

Operations and maintenance considerations include the following:

« Accessibility around equipment, as well as above and below when
applicable, with at least minimum clearances provided per man-
ufacturers’ recommendations and applicable codes (typical space
required for regular service is often larger than the minimums,
which eases the burden on maintenance staff)

« Clearances for equipment removal

¢ Minimizing tripping hazards (e.g., drain piping extending along
the floor)

* Adequate headroom to avoid injuries

Trenching in floor, if necessary

Cable trays, if applicable

* Adequate lighting levels

* Task lighting, when needed
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Eyewash stations for safety

Exterior access for outdoor air supply and for exhaust

Storage of mechanical and electrical parts and materials
Documentation storage and administrative support rooms
Proper drainage for system maintenance

Outlets for service maintenance utilities (e.g., water, electric-
ity) in locations reasonably accessible to equipment operators
Adequate lines of sight to view thermometers, pressure gages, etc.
Structural steel elements for major maintenance rigging of equip-
ment

Typical operator maintenance functions include cleaning of
condensers, evaporators, and boiler tubes. Cooling tower catwalk
safety railing and ladders should be provided to comply with U.S.
Occupational Safety and Health Administration (OSHA) require-
ments.

9. BUILDING SYSTEM COMMISSIONING

Because a central plant consumes a major portion of the annual
energy operating budget, building system commissioning is imper-
ative for new construction and expansion of existing installations.
During the warranty phase, central-plant performance should be
measured, benchmarked, and course-corrected to ensure design
intent is achieved. If an energy analysis study is performed as part
of the comparison between decentralized and centralized concepts,
the resulting month-to-month energy data should be a good elec-
tronic document to benchmark actual energy consumption using
the measurement and verification plan implementation.

Ongoing commissioning or periodic recommissioning further
ensures that the design intent is met, and that cooling and heating
are reliably delivered after the warranty period. Many central sys-
tems are designed and built with the intent to connect to facilities
in a phased program, which also requires commissioning. Consider
retro- or recommissioning whenever the plant is expanded or an
additional connection made to the existing systems, to ensure the
original design intent is met.

It is very important to remember that all the heating and cooling
is used outside of the mechanical room. Chiller and boiler commis-
sioning will be severely limited if the engineer does not look at the
coils, fans, valves, and other components that may be in other loca-
tions. Dirty coils and bypass valves can waste more energy than
chiller and boiler maintenance can save.

Initial testing, adjusting, and balancing (TAB) also contributes
to sustainable operation and maintenance. The TAB process should
be repeated periodically to ensure original design levels are main-
tained.

When completing TAB and commissioning, consider posting
laminated system flow diagrams at or adjacent to the central cooling
and heating equipment, and include operating instructions, TAB
performance, commissioning functional performance test results,
and emergency shutoff procedures. These documents also should be
filed electronically in the central plant computer server for quick
reference.

Original basis of design and design criteria should be posted as
a constant reminder of design intent, and to be readily available in
case troubleshooting, expansion, or modernization is needed.

As with all HVAC applications, for maintainable, long-term
operational success, building commissioning should include the
system training requirements necessary for building management
staff to efficiently take ownership and operate and maintain the
HVAC systems over the useful service life of the installation.

10. SYSTEM REPLACEMENTS AND EXPANSIONS

More equipment is sold as replacements than for new construc-
tion. During replacements, the designer/specifier has more infor-
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mation available than during design (e.g., from observation and
possibly operational trend logs). Typically, the difficulty is in find-
ing the building’s original design details. It is usually necessary to
survey the building to determine what is installed and whether it is
the same as what is represented in the original design.

The engineer also must determine if the project will be merely a
replacement of existing equipment, a system expansion, or even a
reduction of equipment capacity (if the original equipment was
oversized). A like-for-like replacement has the advantage of sim-
plicity, and may also not require an update of the mechanical sys-
tem to current code requirements.

For a straightforward replacement, the engineer still must verify
that the replacement equipment will work within the capacity, elec-
trical, and dimensional limitations, and that it is compatible with
existing the control system and other equipment.

Replacements often offer the chance to correct shortcomings of
the original design, as well, such as

 Resizing when original equipment was over- or undersized (e.g.,
where equipment cannot handle facility loads, or where cooling
systems cannot properly dehumidify the space)

 Adjusting to better fit building loads that have changed (e.qg., out-
dated lighting has been replaced with higher-efficiency LEDs) or
that were inappropriately calculated (e.g., the building needs
more [or less] cooling capacity)

 Improving water and airflow rates

Other equipment (e.g., coils, towers, fans) that affect the system
performance may also need replacement.

A common issue with central plants is that loads on the plant
operate on different schedules. These nonsimultaneous, varied
loads can introduce a low load demand on the system.

If the intent is to expand or reduce the capacity of the plant, the
engineer must verify the existing equipment’s operational capabili-
ties before deciding what equipment to replace.
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ERY early in the design of a new or retrofit building project,

the HVAC design engineer must analyze and ultimately select
the basic systems, as discussed in Chapter 1, and determine whether
production of primary heating and cooling should be decentralized
(see Chapter 2) or central (see Chapter 3). This chapter covers the
options, processes, available equipment, and challenges of all-air
systems; for all-water, air-and-water, and local terminal systems,
see Chapter 5. For additional system selection tools, refer to the
HVAC System Analysis and Selection Matrix in ASHRAE Hand-
book Online (handbook.ashrae.org).

Building air systems can be designed to provide ventilation air as
well as complete sensible and latent cooling, preheating, dehumidi-
fication, and humidification capacity in air supplied by the system.
No additional ventilation, cooling, or humidification is then required
at the zone, except for certain industrial and hospital systems. Heat-
ing may be accomplished by the same airstream, either in the central
system or at a particular zone. In some applications, heating is
accomplished by a separate heat source. The term zone implies the
provision of, or the need for, separate thermostatic control, whereas
the term room implies a partitioned area that may or may not require
separate control.

The basic all-air system concept is to supply air to the room at
conditions such that the sensible and latent heat gains in the space,
when absorbed by supply air flowing through the space, bring the air
to the desired room conditions. Because heat gains in the space vary
with time, a mechanism to vary the energy removed from the space
by the supply air is necessary. There are two such basic mechanisms:
(1) vary the amount of supply air delivered to the space by varying
the flow rate or supplying air intermittently; or (2) vary the tempera-
ture of air delivered to the space, either by modulating the tempera-
ture or conditioning the air intermittently. Both of these basic
mechanisms must also accommodate variable ventilation flow rates.

All-air systems may be adapted to many applications for comfort
or process work. They are used in buildings of all sizes that require
individual control of multiple zones, such as office buildings,
schools and universities, laboratories, hospitals, stores, hotels, and
even ships. All-air systems are also used virtually exclusively in spe-
cial applications for close control of temperature, humidity, ventila-
tion, space pressure, and/or air quality classification (e.g., 1SO
14644-1 Class 3 space), including cleanrooms, computer rooms,
hospital operating rooms, research and development facilities, and
many industrial/manufacturing facilities.

Advantages of All-Air Systems

e Operation and maintenance of major equipment can be per-
formed in an unoccupied area (e.g., a central mechanical room).
It also maximizes choices of filtration equipment, vibration and

The preparation of this chapter is assigned to TC 9.1, Large Building Air-
Conditioning Systems.
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noise control, humidification and dehumidification options, and
selection of high-quality and durable equipment, including en-
hanced filtration for returning and outdoor airstreams.

Piping, electrical equipment, wiring, filters, and vibration- and
noise-producing equipment are away from the conditioned area,
minimizing (1) disruption for service needs and (2) potential harm
to occupants, furnishings, and processes.

These systems offer the greatest potential for using outdoor air for
economizer cooling instead of mechanical refrigeration.
Seasonal changeover is simple and adapts readily to automatic
control.

A wide choice of zoning, flexibility, and humidity control under
all operating conditions is possible. Simultaneous heating of one
zone and cooling of another zone during off-season periods is
available.

Air-to-air and other energy recovery may be readily incorporated.
Designs are flexible for optimum air distribution, draft control,
and adaptability to varying local requirements.

The systems are well-suited to applications requiring unusual
exhaust, ventilation, or makeup air quantities (negative or positive
pressurization, etc.).

All-air systems adapt well to winter humidification and dehumid-
ification for high latent loads.

All-air systems take advantage of load diversity. In other words, a
central air-handling unit serving multiple zones needs to be sized
only for the peak coincident load, not the sum of the peak loads of
each individual zone. In buildings with significant fenestration
loads, diversity can be significant, because the sun cannot shine on
all sides of a building simultaneously.

By increasing the air change rate and using high-quality controls,
these systems can maintain the closest operating condition of
+0.25°F dry bulb and £0.5% rh. Some systems can maintain
essentially constant space conditions ideal for museums.
Removal and disposal of cold condensate from cooling coils, and
capture and return of steam condensate from heating coils, is gen-
erally simpler and more practical in an all-air system.

Central air-handling equipment life expectancies are longer and
operation and maintenance costs are less than for many terminal
systems.

Disadvantages of All-Air Systems

* Ducts installed in ceiling plenums require additional duct clear-
ance, sometimes reducing ceiling height and/or increasing build-
ing height. In retrofits, these clearances may not be available.

« Larger floor plans may be necessary to allow adequate space for
vertical shafts (if required for air distribution). In a retrofit appli-
cation, shafts may be impractical. Shafts, as a general rule, con-
sume 1 to 2% of multiple-story building gross areas; for high-rise
buildings, over 2% can be expected.
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Transport energy used by the fans to distribute air and overcome
duct and equipment static resistance is a larger part of the total
building’s HVAC energy use than in other systems.

¢ Incommercial buildings, air-handling equipment rooms represent
nonrentable or non-revenue-generating spaces.

Accessibility to terminal devices, duct-balancing dampers, etc.,
requires close cooperation between architectural, mechanical,
and structural designers; therefore, accessible ceilings are recom-
mended.

Air balancing, particularly on large systems, can be cumbersome.
Permanent heating is not always available sufficiently early to
provide temporary heat during construction.

Mechanical failure of a central air-handling component, such as a
fan or a cooling-coil control valve, affects all zones served by that
unit. Energy conservation measures implemented on any building
system also may have an effect.

Heating and Cooling Calculations

Basic calculations for airflow, temperatures, relative humidity,
loads, and psychrometrics are covered in Chapters 1, 17, and 18 of
the 2017 ASHRAE Handbook—Fundamentals. System selection
should be related to the need, as indicated by the load characteristics.
The designer should understand the operation of system compo-
nents, their relationship to the psychrometric chart, and their interac-
tion under various operating conditions and system configurations.
The design engineer must properly determine an air-handling sys-
tem’s required supply air temperature and volume; outdoor ventila-
tion air requirements; desired space pressures; heating and cooling
coil capacities; humidification and dehumidification capacities; re-
turn, relief, and exhaust air volume requirements; and required pres-
sure capabilities of the fan(s).

The HVAC designer should work closely with the architect to
optimize the building envelope design. Close cooperation of all par-
ties during an integrated design process can result in reduced build-
ing loads, which allows the use of smaller mechanical systems.

Zoning

Exterior zones are affected by weather conditions (e.g., wind,
temperature, sun) and, depending on the geographic area and sea-
son, may require both heating and cooling at different times. The
system must respond to these variations. The need for separate
perimeter zone heating is determined by the following:

« Severity of heating load (i.e., geographic location)

« Nature and orientation of building envelope

« Effects of downdraft at windows and radiant effect of cold glass
surfaces (i.e., type of glass, area, height, U-factor)

» Type of occupancy (i.e., sedentary versus transient).

* Operating costs (i.e., in buildings such as offices and schools that
are unoccupied for considerable periods, fan operating cost can be
reduced by heating with perimeter radiation during unoccupied
periods rather than operating the main or local unit supply fans.)

Separate perimeter heating can operate with any all-air system.
However, its greatest application has been in conjunction with
variable-air-volume (VAV) systems for cooling-only service. Care-
ful design must minimize simultaneous heating and cooling. See the
section on Variable Air Volume for further details.

Interior spaces have relatively constant conditions because they
are isolated from external influences. Cooling loads in interior zones
may vary with changes in the operation of equipment and appliances
in the space and changes in occupancy, but usually interior spaces
require cooling throughout the year. A VAV system has limited
energy advantages for interior spaces, but it does provide simple tem-
perature control. Interior spaces with a roof exposure, however, may
require treatment similar to perimeter spaces that require heat.

Space Heating

Although steam is an acceptable medium for central system pre-
heat or reheat coils, low-temperature hot water provides a simple
and more uniform means of perimeter and general space heating.
Individual automatic control of each terminal provides the ideal
space comfort. A control system that varies water temperature
inversely with the change in outdoor temperature provides water
temperatures that produce acceptable results in most applications.
For best results, the most satisfactory ratio can be set after installa-
tion is completed and actual operating conditions are ascertained.

Multiple perimeter spaces on one exposure served by a central
system may be heated by supplying warm air from the central sys-
tem. Areas with heat gain from lights and occupants and no heat loss
require cooling in winter, as well as in summer. In some systems,
very little heating of return and outdoor air is required when the
space is occupied. Local codes dictate the amount of outdoor air
required (see ASHRAE Standard 62.1 for recommended outdoor
air ventilation). For example, with return air at 75°F and outdoor air
at 0°F, the temperature of a 25% outdoor/75% return air mixture
would be 53.8°F, which is close to the temperature of air supplied to
cool such a space in summer. In this instance, a preheat coil installed
in the minimum outdoor airstream to warm outdoor air can produce
overheating, unless it is sized so that it does not heat the air above 35
to 45°F. Assuming good mixing, a preheat coil in the mixed air-
stream prevents this problem. The outdoor air damper should be
kept closed until room temperatures are reached during warm-up.
Low-leakage dampers should be specified and may be required by
some model codes. A return air thermostat can terminate warm-up.

When a central air-handling unit supplies both perimeter and
interior spaces, supply air must be cool to handle interior zones.
Additional control is needed to heat perimeter spaces properly.
Reheating the air is the simplest solution, but is often restricted
under energy codes. An acceptable solution is to vary the volume of
air to the perimeter and to combine it with a terminal heating coil
or a separate perimeter heating system, either baseboard, overhead
air heating, or a fan-powered terminal unit with supplemental
heat. The perimeter heating should be individually controlled and
integrated with the cooling control. Lowering the supply water
temperature when less heat is required generally improves tem-
perature control. For further information, refer to Chapter 13 in this
volume and Chapter 48 of the 2019 ASHRAE Handbook—HVAC
Applications.

Air Temperature Versus Air Quantity

Designers have considerable flexibility in selecting supply air
temperature and corresponding air quantity within the limitations of
the procedures for determining heating and cooling loads. The
difference between supply air temperature and desired room tem-
perature is often referred to as the AT of the all-air system. The rela-
tionship between AT and air volume is approximately linear and
inverse: doubling the AT results in halving of the air volume.
ASHRAE Standard 55 addresses the effect of these variables on
comfort.

The traditional all-air system is typically designed to deliver
approximately 55°F supply air, for a conventional building with a
desired indoor temperature of approximately 75°F. That supply air
temperature is commonplace because the air is low enough in abso-
lute moisture to result in reasonable space relative humidity in con-
ventional buildings with modest latent heat loads. However, lower
supply air temperatures may be required in spaces with high latent
loads, such as gymnasiums or laundries, and higher supply air tem-
peratures can be applied selectively with caution. Obviously, not all
buildings are conventional or typical, and designers are expected not
to rely on these conventions unquestioningly. (Trends toward lower
lighting levels and lower internal room loads from energy-efficient
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lighting mean that room sensible heat is usually lower compared to
latent heat.) Commercially available load calculation software pro-
grams, when applied correctly, help the designer find the optimum
supply air temperature for each application.

In cold-air systems, the supply air temperature is designed sig-
nificantly lower than 55°F (perhaps as low as 44°F) in an effort to
reduce the size of ducts and fans. In establishing supply air tem-
perature, the initial cost of lower airflow and low air temperature
(smaller fan and duct systems) must be calculated against potential
problems of distribution, condensation, air movement, and de-
creased removal of odors and gaseous or particulate contaminants
(Duda 2016). Terminal devices that use low-temperature air can re-
duce the air distribution cost. These devices mix room and primary
air to maintain reasonable air movement in the occupied space, or
a dual-fan dual-duct (DFDD) system that mixes air before it enters
the room can be used. Because the amount of outdoor air needed is
the same for any system, the percentage in low-temperature sys-
tems is high, requiring special care in design to avoid freezing pre-
heat or cooling coils.

Duda (2016) gives the following pros and cons of using colder
supply air.

Advantages.

A greater AT between supply air temperature (SAT) and desired
room temperature on the air side means lower airflow to each
room can achieve the same cooling effect, thereby reducing fan
energy.

Colder SAT can reduce supply air duct size, air-handling unit
physical size, and (perhaps) ceiling space, saving building first
cost. The reduction in duct and/or ceiling cavity size may be espe-
cially advantageous when adding ductwork to an older building
with smaller floor-to-floor heights constructed before air condi-
tioning became commonplace.

Greater moisture removal associated with colder SAT results in
lower indoor relative humidity, making it possible for the room
temperature set point to be a degree or two higher without com-
promising occupant comfort.

» Cold SAT may be complementary to systems using ice-based or
low-temperature liquid-based thermal storage.

Lower fan airflow associated with colder SAT may lead to a qui-
eter HVAC system.

Disadvantages.

« Cold SAT condenses more moisture at the cooling coil, meaning
that a greater latent cooling load is forced onto the coil and cool-
ing system when dehumidifying outdoor air. This can be a signif-
icant energy penalty because each pound of additional water
vapor condensed represents an additional 970 Btu/h. More latent
heat removal means not only more chiller/compressor energy, but
also more chilled- and condenser-water pumping energy, cooling
tower fan energy (where applicable), and a higher first cost for the
central cooling plant.

Colder SAT reduces the number of hours per year that a full air-
side economy cycle is in effect. For example, if the SAT is 55°F
and it is 55°F outdoors, the system can use 100% outdoor air with-
out any mechanical cooling. However, if the SAT is 48°F and it is
55°F outdoors, some mechanical cooling remains necessary.
Colder SAT increases reheat energy because it causes a lightly
loaded room to overcool faster and need reheat sooner, once the
VAV box reaches its minimum allowable airflow.

Colder SAT may require colder chilled water, depending on how
aggressive the cold air target is. Chillers making colder chilled
water generally use more energy on a kW/ton (coefficient of per-
formance [COP]) basis.

Colder supply air ducts are more prone to condensation or sweat-
ing on bare sheet metal surfaces (leading to risk of mold growth)
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if they are not flawlessly insulated. This is of concern particularly
in humid climates, on startup after setback for a night or weekend,
or where there are high internal moisture loads (e.qg., kitchens). If
using colder SAT in these cases, specifications regarding duct
insulation must be well written and thoroughly enforced. Simi-
larly, air-handling units (AHUS) producing colder supply air may
be more expensive than conventional AHUSs if specifications for
thermal breaks or no through-metal are needed to avoid conden-
sation, dripping, and puddling in unconditioned or less-condi-
tioned mechanical rooms.

« Diffuser selection can be more challenging and diffuser choices
more limited, to avoid dumping cold air and to ensure a high air
diffusion performance index (ADPI) in the space.

¢ Using cold SAT with a direct-expansion (DX) system has a
greater chance of ice build-up on the DX evaporator coil due to
reduced airflow per unit of refrigeration, and more moisture being
condensed on the coil surface.

Space Pressure

Many special applications, such as isolation rooms, research
labs, and cleanrooms, require constant-volume supply and exhaust
air to the space to ensure space pressure control. Some of these
applications allow the designer to reduce air volume during unoc-
cupied periods while still maintaining space pressure control. All-
air systems are generally the only systems able to combine space
pressure control with temperature, humidity, and/or air filtration
control.

Other Considerations

All-air systems operate by maintaining a temperature differential
between the supply air and the space. Any load that affects this dif-
ferential and the associated airflow must be calculated and consid-
ered, including the following:

« All fans (supply, return, and supplemental) add heat. All of the
fan shaft power eventually converts to heat in the system, either
initially as fan losses or downstream as duct friction losses. Motor
inefficiencies are an added load if that motor is in the airstream.
Whether the fan is upstream of the cooling coil (blow-through) or
downstream (draw-though) affects how this load must be
accounted for (Duda 2018a). The effect of these gains can be con-
siderable, particularly in process applications. Heat gain in
medium-pressure systems is about 0.5 to 0.7°F per inch of water
static pressure.

The supply duct may gain or lose heat from the surroundings.
Most energy codes require that the supply duct be insulated,
which is usually good practice regardless of code requirements.
Uninsulated supply ducts delivering cool air are subject to con-
densation formation, leading to building water damage and poten-
tial mold growth, depending on the dew-point temperature of
surrounding air.

Controlling humidity in a space can affect the air quantity and
become the controlling factor in selecting supply airflow rate.
All-air systems provide only limited humidity control, particu-
larly at part loads, so if humidity is critical, extra care must be
taken in design.

First, Operating, and Maintenance Costs

As with all systems, the initial cost of an air-handling system
varies widely (even for identical systems), depending on location,
condition of the local economy, and contractor preference. For ex-
ample, a dual-duct system is more expensive because it requires up
to twice the amount of material for ducts as that of a comparable sin-
gle-duct system. Systems requiring extensive use of terminal units
are also comparatively expensive. The operating cost depends on
the system selected, the designer’s skill in selecting and correctly
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Fig. 1 Typical Air-Handling Unit Configurations
(Courtesy RDK Engineers)

sizing components, efficiency of the duct design, and effect of build-
ing design and type on the operation.

Because an all-air system separates the air-handling equipment
from occupied space, maintenance on major components in a central
location is more economical. Also, central air-handling equipment
requires less maintenance than a similar total capacity of multiple
small packaged units. The many terminal units used in an all-air
system do, however, require periodic maintenance. Because these
units (including reheat coils) are usually installed throughout a
facility, maintenance costs and scheduling for these devices must be
considered.

Energy in Air Handling

The engineer’s early involvement in the design of any facility can
considerably affect the building’s energy consumption. Careful
design minimizes system energy costs. In practice, however, a system
might be selected based on a low first cost or to perform a particular
task. VAV systems are generally more energy efficient than constant-
air-volume systems. Savings from a VAV system come from the
savings in fan power and because the system does not overheat or
overcool spaces, and reheat is minimized. Attention to fan static pres-
sure settings and static pressure reset with VAV air terminal unit
(ATU) unloading is needed to minimize energy use.

The air distribution system for an all-air system consists of two
major subsystems: (1) air-handling units that generate conditioned
air under sufficient positive pressure to circulate it to and from the
conditioned space, and (2) a distribution system that only carries air
from the air-handling unit to the space being conditioned. The air
distribution subsystem often includes means to control the amount
or temperature of air delivered to each space.

1. AIR-HANDLING UNITS

The basic air-handling system is an all-air, single-zone HVAC
system consisting of an air-handling unit and an air distribution sys-
tem. The air-handling unit may be designed to supply constant or
variable air volume for low-, medium-, or high-velocity air distribu-
tion. Normally, the equipment is located outside the conditioned
area in a basement, penthouse, or service area. The equipment can
be adjacent to the primary heating and refrigeration equipment or at
considerable distance, with refrigerant, chilled water, hot water, or
steam circulated to it for energy transfer.

Figure 1 shows a typical draw-through central system that sup-
plies conditioned air to a single zone or to multiple zones. A blow-
through configuration may also be used if space or other conditions
dictate. The quantity and quality of supplied air are fixed by space
requirements and determined as indicated in Chapters 17 and 18 of
the 2017 ASHRAE Handbook—Fundamentals. Air gains and loses
heat by contacting heat transfer surfaces and by mixing with air of
another condition. Some of this mixing is intentional, as at the out-
door air intake; other mixing results from the physical characteris-
tics of a particular component, as when untreated air passes through
a coil without contacting the fins (bypass factor).

All treated and untreated air must be well mixed for maximum
performance of heat transfer surfaces and for uniform temperatures
in the airstream. Stratified, parallel paths of treated and untreated air
must be avoided, particularly in the vertical plane of systems using
double-inlet or multiple-wheel fans. Because these fans may not
completely mix the air, different temperatures can occur in branches
coming from opposite sides of the supply duct. Poor mixing in units
with high outdoor percentages can also result in freezing tempera-
tures at the coils. Single or dual plenum fans can improve mixing
conditions as well as reduce space requirements between upstream
or downstream unit coils.

Primary Equipment

Cooling. Either central station or localized equipment, depend-
ing on the application, can provide cooling. Most large systems
with multiple central air-handling units use a central refrigeration
plant. Small, individual air-handling equipment can (1) be supplied
with chilled water from central chillers, (2) use direct-expansion
cooling with a central condensing (cooling tower) system, or (3) be
air cooled and totally self-contained. The decision to provide a cen-
tral plant or local equipment is based on factors similar to those for
air-handling equipment, and is further addressed in Chapters 1 to 3.

Heating. The same criteria described for cooling are usually
used to determine whether a central heating plant or a local one is
desirable. Usually, a central, fuel-fired plant is more desirable for
heating large facilities. In facilities with low heating loads, electric
heating is a viable option and is often economical, particularly
where care has been taken to design energy-efficient systems and
buildings. Another option is a local indirect fuel-fired furnace in an
air-handling unit.

Air-Handling Equipment

Packaged air-handling equipment is commercially available in
many sizes, capacities, and configurations using any desired method
of cooling, heating, humidification, filtration, etc. These systems can
be suitable for small and large buildings. In large systems (over
50,000 cfm), air-handling equipment is usually custom-designed and
fabricated to suit a particular application. Air-handling units may be
either centrally or remotely located.

Air-handling units (AHUs) can be one of the more complicated
pieces of equipment to specify or order, because a vast array of
choices are available, and because there is no single-number iden-
tifier (e.g., a “50 ton unit” or a “40,000 cfm unit”) that adequately
describes the desired product. Regardless of size or type, the
designer must properly determine an air-handling unit’s required
supply air temperature and volume; outdoor air requirements;
desired space pressures; heating and cooling coil capacities;
humidification and dehumidification capacities; return, relief, and
exhaust air volume requirements; filtration; and required pressure
capabilities of the fan(s). Typically, these parameters and more
must be specified or scheduled by the design engineer before an
installer or equipment supplier can provide an AHU.
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Central Mechanical Equipment Rooms (MERS)

The type of facility and other factors help determine where the
air-handling equipment is located. Central fan rooms are more com-
mon in large buildings, where maintenance is isolated from the con-
ditioned space. The advent of fan arrays and increased cost
competitiveness in the custom AHU market have led to very large
air-handling units (mega-AHUSs) designed for over 100,000 cfm
(Taylor 2018). Reasons a design engineer may consider a central
air-handling unit or bank of central air-handling units include the
following:

« Fewer total pieces of equipment to maintain.

» Maintenance is concentrated at one location.

« Filtration is easily enhanced.

« Energy recovery opportunities may be more practical.
Compared to floor-by-floor AHUs, very large AHUs with fan
arrays are less expensive, require less space, have lower mainte-
nance costs, and generally are more energy efficient.

Vibration and noise control, seismic bracing, outdoor air intakes,
economizers, filtration, humidification, and similar auxiliary fac-
tors may be handled more simply when equipment is centralized.

Decentralized MERs

Many buildings locate air-handling equipment at each floor, or at
other logical subdivisions of a facility. Reasons a design engineer
may consider multiple distributed air-handling unit locations
include the following:

« Reduced size of ducts reduces space required for distribution
ductwork and shafts.

» Reduced equipment size as a result of decentralized systems
allows use of less expensive packaged equipment and reduces the
necessary sophistication of training for operating and mainte-
nance personnel.

» For facilities with varied occupancy, multiple decentralized air-
handling units can be set back or turned off in unoccupied areas.

* Failure of an air-handling unit affects only the part of the building
served by that one unit.

 Having greater quantity of smaller AHUs is well suited to build-
ings with multiple tenants who may have varying start times, or if
rogue zones cause duct static pressure and supply air temperature
reset strategies to be ineffective.

Fans

Both packaged and built-up air-handling units can use any type
of fan. Centrifugal fans may be forward-curved, backward-inclined,
or airfoil, and single-width/single-inlet (SWSI) or double-width/
double-inlet (DWDI). Many packaged air-handling units feature a
single fan, but packaged and custom air-handling units can use mul-
tiple DWDI centrifugal fans on a common shaft with a single drive
motor. SWSI centrifugal plenum (plug) fans without a scroll are
common on larger packaged air-handling units to make them more
compact. Also, direct-drive fans are common with variable-fre-
quency drives, thus avoiding belt maintenance and replacement. Fan
selection should be based on efficiency and sound power level
throughout the anticipated range of operation, as well as on the abil-
ity of the fan to provide the required flow at the anticipated static
pressure. Chapter 21 further discusses fans and fan selection.

1.1 AIR-HANDLING UNIT PSYCHROMETRIC
PROCESSES
Cooling

The basic methods used for cooling and dehumidification
include the following:
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« Direct expansion (refrigerant) takes advantage of the latent heat
of the refrigerant fluid, and cools as shown in the psychrometric
diagram in Figure 2.

Chilled-water (fluid-filled) coils use temperature differences

between the fluid and air to exchange energy by the same process

as in Figure 2 (see the section on Dehumidification).

« Direct spray of water in the airstream (Eigure 3), an adiabatic
process, uses the latent heat of evaporation of water to reduce dry-
bulb temperature while increasing moisture content. Both sensi-
ble and latent cooling are also possible by using chilled water. A
conventional evaporative cooler uses the adiabatic process by
spraying or dripping recirculated water onto a filter pad (see the
section on Humidification).

« The wetted duct or supersaturated system is a variation of direct
spray. In this system, tiny droplets of free moisture are carried by
the air into the conditioned space, where they evaporate and pro-
vide additional cooling, reducing the amount of air needed for
cooling the space (Eigure 4).

« Indirect evaporation adiabatically cools outdoor or exhaust air
from the conditioned space by spraying water, then passes that
cooled air through one side of a heat exchanger. Air to be supplied
to the space is cooled by passing through the other side of the heat
exchanger. Chapter 41 has further information on this method of
cooling.

Chapter 1 of the 2017 ASHRAE Handbook—Fundamentals de-
tails the psychrometric processes of these methods.
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Heating
The basic methods used for heating include the following:

« Steam uses the latent heat of the fluid.

Hot-water (fluid-filled) coils use temperature differences between

the warm fluid and the cooler air.

Electric heat also uses the temperature difference between the

heating coil and the air to exchange energy.

« Direct or indirect gas- or oil-fired heat exchangers can also be
used to add sensible heat to the airstream.

The effect on the airstream for each of these processes is the
same and is shown in Eigure 5. For basic equations, see Chapter 1 of
the 2017 ASHRAE Handbook—Fundamentals.

Humidification
Methods used to humidify air include the following:

« Direct spray of recirculated water into the airstream (air
washer) reduces the dry-bulb temperature while maintaining an
almost constant wet bulb, in an adiabatic process (see Eigure 3,
path 1 to 3). The air may also be cooled and dehumidified, or
heated and humidified, by changing the spray water temperature.

In one variation, the surface area of water exposed to the air is
increased by spraying water onto a cooling/heating coil. The coil
surface temperature determines leaving air conditions. Another
method is to spray or distribute water over a porous medium, such
as those in evaporative coolers. This method requires careful
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Fig.5 Steam, Hot-Water, and Electric Heating, and Direct
and Indirect Gas- and Oil-Fired Heat Exchangers

monitoring of the water condition to keep biological contami-

nants from the airstream (Eigure 6).

Compressed air that forces water through a nozzle into the air-

stream is essentially a constant wet-bulb (adiabatic) process. The

water must be treated to keep particles from entering the airstream

and contaminating or coating equipment and furnishings. Many

types of nozzles are available.

 Steam injection is a constant-dry-bulb process (Eigure 7). As the
steam injected becomes superheated, the leaving dry-bulb tem-
perature increases. If live steam is injected into the airstream, the
boiler water treatment chemical must be nontoxic to occupants
and nondamaging to building interior and furnishings.

Dehumidification

Moisture condenses on a cooling coil when its surface tempera-
ture is below the air’s dew point, thus reducing the humidity of the
air. Similarly, air will also be dehumidified if a fluid with a tempera-
ture below the airstream dew point is sprayed into the airstream (see
the section on Air Washers in Chapter 41). The process is identical
to that shown in Figure 2, except that the moisture condensed from
the airstream condenses on, and dissolves in, the spray droplets
instead of on the solid coil surface.

Chemical dehumidification involves either passing air over a
solid desiccant or spraying the air with a solution of desiccant and
water. Both of these processes add heat, often called the latent heat
of wetting, to the air being dehumidified. Usually about 200 Btu/lb
of moisture is removed (Eigure 8). These systems should be
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reviewed with the user to ensure that the space is not contaminated.
Chapter 24 has more information on this topic.

Air Mixing or Blending

Adiabatic mixing of two or more airstreams (e.g., outdoor and
return air) into a common airstream can be shown on a psychromet-
ric chart with reasonable accuracy (see Chapter 1 of the 2017
ASHRAE Handbook—Fundamentals).

1.2 AIR-HANDLING UNIT COMPONENTS

The following sections describe many commonly available air-
handling unit components. Not all of these components will neces-
sarily be used in any one system.

To determine the system’s air-handling requirement, the designer
must consider the function and physical characteristics of the space
to be conditioned, and the air volume and thermal exchange capac-
ities required. Then, the various components may be selected and
arranged by considering the fundamental requirements of the cen-
tral system.

Figure 1 shows two basic arrangements of air-handling unit com-
ponents for a single-zone, all-air central system suitable for year-
round air conditioning. These arrangements allow close control of
temperature and humidity. Most of the components in Figure 1 are
available from many manufacturers completely assembled or in sub-
assembled sections that can be bolted together in the field. When
selecting central system components, specific design parameters
must be evaluated to balance cost, controllability, operating expense,
maintenance, noise, and space. The sizing and selection of primary
air-handling units substantially affect the results obtained in the con-
ditioned space.

The equipment must be adequate, accessible for easy mainte-
nance, and not overly complex in its arrangement and control to
provide the required conditions. Further, the designer should con-
sider economics in component selection. Both initial and operating
costs affect design decisions. For example, the designer should not
arbitrarily design for a 500 fpm face velocity, which has been com-
mon for selecting cooling coils and other components. Filter and coil
selection at 300 to 400 fpm, with resultant lower pressure loss, could
produce a substantial payback on constant-volume systems (Peter-
son 2014). Chapter 38 of the 2019 ASHRAE Handbook—HVAC
Applications has further information on energy and life-cycle costs.

Return Air Fan

A return air fan is optional on small systems, but is essential for
proper operation of air economizer systems for free cooling from
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outdoor air if the return path has a significant pressure drop (greater
than approximately 0.3 in. of water). It provides a positive return
and exhaust from the conditioned area, particularly when mixing
dampers allow cooling with outdoor air in intermediate seasons and
winter. The return air fan ensures that the proper volume of air
returns from the conditioned space. It prevents excess building
pressure when economizer cycles introduce more than the
minimum quantity of outdoor air, and reduces the static pressure
against which the supply fan must work. The return air fan should
handle a slightly smaller amount of air to account for fixed exhaust
systems, such as toilet exhaust, and to ensure a slight positive pres-
sure in the conditioned space. Chapter 48 of the 2019 ASHRAE
Handbook—HVAC Applications provides design details; also, see
ASHRAE Guideline 16 and Taylor (2014).

Relief Air Fan

In many situations, a relief (or exhaust) air fan may be used in-
stead of a return fan. A relief air fan relieves ventilation air intro-
duced during air economizer operation and operates only when this
control cycle is in effect. When a relief air fan is used, the supply fan
must be designed for the total supply and return pressure losses in
the system. During economizer mode, the relief fan must be con-
trolled to ensure a slight positive pressure in the conditioned space,
as with the return air fan system. The section on Economizers de-
scribes the required control for relief air fans.

Automatic Dampers

The section on Mixing Plenums discusses conditions that must
be considered when choosing, sizing, and locating automatic
dampers for this critical mixing process. These dampers throttle the
air with parallel- or opposed-blade rotation. These two forms of
dampers have different airflow throttling characteristics (see Chap-
ter 7 of the 2017 ASHRAE Handbook—Fundamentals). Pressure
relationships between various sections of this mixing process must
be considered to ensure that automatic dampers are properly sized
for wide-open and modulating pressure drops. See ASHRAE
Guideline 16 for additional detail.

Relief Openings

Relief openings in large buildings should be constructed similarly
to outdoor air intakes, but may require motorized or self-acting back-
draft dampers to prevent high wind pressure or stack action from
causing airflow to reverse when the automatic dampers are open.
Pressure loss through relief openings should be 0.10 in. of water or
less. Low-leakage dampers, such as those for outdoor intakes, pre-
vent rattling and minimize leakage. The relief air opening should be
located so that air does not short-circuit to the outdoor air intake.
Damper relief openings may also be used in conjunction with area
pressure control.

Return Air Dampers

Negative pressure in the outdoor air intake plenum is a function
of the resistance or static pressure loss through the outdoor air lou-
vers, damper, and duct. Positive pressure in the relief air plenum is
likewise a function of the static pressure loss through the relief
damper, the relief duct between the plenum and outdoors, and the
relief louver. The pressure drop through the return air damper must
accommaodate the pressure difference between the positive-pressure
relief air plenum and the negative-pressure outdoor air plenum.
Proper sizing of this damper facilitates better control and mixing.
An additional manual damper may be required for proper air
balancing.

Outdoor Air Intakes

Resistance through outdoor air intakes varies widely, depending
on construction. Frequently, architectural considerations dictate the
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type and style of louver. The designer should ensure that the louvers
selected offer minimum pressure loss, preferably not more than
0.10 in. of water. High-efficiency, low-pressure louvers that effec-
tively limit carryover of rain are available. Flashing installed at the
outer wall and weep holes or a floor drain will carry away rain and
melted snow entering the intake. Cold regions may require a snow
baffle to direct fine snow to a low-velocity area below the dampers.
Outdoor air dampers should be low-leakage types with special gas-
keted edges and endseals. A separate damper section and damper
operator are strongly recommended for ensuring minimum ventila-
tion. The maximum outdoor air damper controls the air needed for
economizer cycles.

Carefully consider the location of intake and exhaust louvers; in
some jurisdictions, location is governed by codes. Louvers must be
separated enough to avoid short-circuiting air. Furthermore, intake
louvers should not be near a potential source of contaminated air,
such as a boiler stack or hood exhaust from a kitchen, laundry, or
laboratory. Relief air should also not interfere with other systems. If
heat recovery devices are used, intake and exhaust airstreams may
need to be run in parallel, such as through air-to-air heat exchangers.

A past complaint was a lack of outdoor air, especially in VAV
systems where outdoor air quantities were established for peak
loads and were then reduced in proportion to the air supplied during
periods of reduced load. A simple airflow measurement control
scheme added to the outdoor air damper eliminates this problem and
keeps the amount of outdoor air constant, regardless of VAV system
operation. However, the need to preheat outdoor air must be consid-
ered.

Economizers

An air-side economizer uses outdoor air to reduce refrigeration
requirements. Whereas a logic circuit maintains a fixed minimum of
ventilation outdoor air in all weather, the air-side economizer takes
advantage of cool outdoor air either to assist mechanical cooling or,
if outdoor air is cool enough, to provide total system cooling. When
weather allows, temperature controls systems can modulate outdoor
and return air in the correct proportion to produce desired supply air
temperatures without mechanical heating or cooling. For example,
if 55°F supply air is necessary for space cooling and it is 55°F out-
doors, direct digital controls (DDC) will position dampers to use
100% outdoor air without mechanical heating or cooling. If the
return air is 75°F and it is 35°F outdoors, a 50/50 blend of return and
outdoor air will produce 55°F supply air, again without mechanical
heating or cooling.

Designers should evaluate drying of the conditioned space when
using economizers; exceptionally dry conditions may require
mechanical humidification, which may reduce the attractiveness of
air-side economizers.

To exhaust the extra outdoor air brought in by the economizer, a
method of variable-volume relief must be provided. The relief vol-
ume may be controlled by modulating the relief air dampers in
response to building space pressure. Another common approach is
opening the relief/exhaust and outdoor air intake dampers simulta-
neously, although this alone does not address space pressurization.
A powered relief or return/relief fan may also be used. The relief
system is off and relief dampers are closed when the air-side econ-
omizer is inactive. Intake dampers must be low leakage.

Advantages and disadvantages of air-side economizers are dis-
cussed in Chapter 2.

Mixing Plenums

Mixing plenums provide space for airstreams with different
properties to mix as they are introduced into a common section of
ductwork or air-handling unit, allowing the system to operate as in-
tended. If the airstreams are not sufficiently mixed, the resulting

stratification adversely affects system performance. Some prob-
lems associated with stratification are nuisance low-temperature
safety cutouts, frozen cooling coils, excess energy use by the pre-
heat coil, inadequate outdoor air, control hunting, and poor outdoor
air distribution throughout occupied spaces.

A common example of a mixing plenum is the air-handling unit
mixing box, in which outdoor and recirculated airstreams are com-
bined. In air-handling units, mixing boxes typically have one inlet,
with control dampers, for each airstream.

There are no performance standards for mixing boxes or mixing
plenums. Thus, it is difficult to know whether a particular mixing
box design will provide sufficient mixing. In the absence of perfor-
mance data, many rules of thumb have been developed to increase
the mixing provided by mixing boxes. It is important to note that
few supporting data exist; the following suggestions are based
largely on common-sense solutions and anecdotal evidence:

* The minimum outdoor air damper should be located as close as
possible to the return air damper.

An outdoor air damper sized for 1500 fpm gives good control.
Low-leakage outdoor air dampers minimize leakage during sys-
tem shutdown.

A higher velocity through the return air damper facilitates air bal-
ance and may increase mixing.

Parallel-blade dampers may aid mixing. Positioning the dampers
so that the return and outdoor airstreams are deflected toward
each other may increase mixing.

Placing the outdoor air damper above the return air damper
increases mixing by density differences: denser, cold outdoor air
mixes as it drops through the warm, less dense return air.
Mixing dampers should be placed across the full width of the unit,
even if the location of the return duct makes it more convenient to
return air through the side. Return air entering through the side of
an air-handling unit can pass through one side of a double-inlet
fan while outdoor air passes through the other side. This same sit-
uation can exist whenever two parallel fans are used in an air-
handling unit receiving two different airstreams. Wherever there
are two fans and two airstreams, an air mixer should be used.
Field-built baffles may be used to create additional turbulence and
to enhance mixing. Unfortunately, the mixing effectiveness and
pressure drop of field-built solutions are unknown.

If stratification is anticipated in a system, then special mixing
equipment that has been tested by the manufacturer (see the section
on Static Air Mixers) should be specified and used in the air-
handling system.

Static Air Mixers

Static air mixers are designed to enhance mixing in the mixing
plenum to reduce or eliminate problems associated with stratifica-
tion. These devices have no moving parts and create turbulence in
the airstream, which increases mixing. They are usually mounted
between the mixing box and the heating or cooling coil; the space
required depends on the amount of mixing that is required. Typical
pressure loss for these devices is 0.10 to 0.30 in. of water.

There are no performance standards for air mixers. Thus, manu-
facturers of air mixers and air-handling units should demonstrate
that their devices provide adequate mixing.

Filter Section

A system’s overall performance depends heavily on the filter.
Unless the filter is regularly maintained, system resistance in-
creases and airflow diminishes. Accessibility for replacement is an
important consideration in filter arrangement and location. In
smaller air-handling units, filters are often placed in a slide-out
rack for side-access replacement. In larger units and built-up sys-
tems with internal or front-loading access, there should be at least
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3 ft between the upstream face of the filter bank and any obstruc-
tion. Other requirements for filters can be found in Chapter 29 and
in ASHRAE Standard 52.2.

Good mixing of outdoor and return air is also necessary for good
filter performance. A poorly placed outdoor air duct or a bad duct
connection to the mixing plenum can cause uneven filter loading
and poor distribution of air through the coil section.

Particulate filters are rated according to ASHRAE Standard
52.2’s minimum efficiency rating value (MERV) system, a numeric
ranking from 1 (least) to 20 (highest). A particulate filter bank of at
least MERV 6 should be placed upstream of the first coil, to main-
tain coil cleanliness. Depending on the spaces served, many appli-
cations demand higher-efficiency filters. Some studies suggest
filters up to MERV 14 can pay for themselves in reduced coil main-
tenance and better heat transfer effectiveness. Where higher-MERV
filters are used, many designers specify a lower-MERYV prefilter as
an inexpensive sacrificial filter to capture bulk particulate and
extend the life of the more expensive final filter.

Filter bank(s) location may be governed by codes. For example,
many prevailing health care codes mandate a prefilter upstream of
all fans, coils, and humidifiers, plus a final filter bank downstream
of all fans, coils, and humidifiers.

Designers are not limited to particulate filters. Electronic air clean-
ers and gaseous-phase (e.g., activated carbon) filters are available
for added protection. For example, ASHRAE Standard 62.1
requires use of gaseous-phase filters for certain, usually urban,
regions where outdoor air quality has been measured to exceed
threshold values for ozone or other gaseous contaminants. Odor
control using activated carbon or potassium permanganate as a filter
medium is also available. Chapters 11 and 12 of the 2017 ASHRAE
Handbook—Fundamentals have more information on odor control.

Preheat Coil

Preheat coils are heating coils placed upstream of a cooling coil;
they can use steam, hot water, or electric resistance as a medium.
Some air-handling units do not require a preheat coil at all, particu-
larly if the percentage of outdoor air is low and if building heating is
provided elsewhere (e.g., perimeter baseboard). Where used, a pre-
heat coil should have wide fin spacing, be accessible for easy clean-
ing, and be protected by filters. If a preheat coil is located in the
minimum outdoor airstream rather than in the mixed airstream as
shown in Figure 11, it should not heat the air to an exit temperature
above 35to 45°F; preferably, it should become inoperative at outdoor
temperatures above 45°F. For use with steam, inner distributing tube
or integral face-and-bypass coils are preferable. Hot-water preheat
coils should be piped for counterflow so that the coldest air contacts
the warmest part of the coil surface first. Consider a constant-flow
recirculating pump if the local climate and anticipated percentage of
outdoor air may result in freezing conditions at a hot-water preheat
coil. Chapter 27 provides more detailed information on heating coils.

Cooling Coil

Sensible and latent heat are removed from the air by the cooling
coils. The cooling medium can be either chilled water or refrigerant,
in which case the refrigerant coil serves as the evaporator in a vapor-
compression refrigeration cycle. The psychrometrics of cooling and
dehumidification were described previously.

In all finned coils, some air passes through without contacting
the fins or tubes. The amount of this bypass can vary from 30% for
a four-row coil at 700 fpm, to less than 2% for an eight-row coil at
300 fpm. The dew point of the air mixture leaving a four-row coil
might satisfy a comfort installation with 25% or less outdoor air
(10% for humid climates), a small internal latent load, and sensible
temperature control only. For close control of room conditions for
precision work, a deeper coil may be required. Chapter 23 provides
more information on cooling coils and their selection.
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Coil freezing can be a serious problem with chilled-water coils.
Full-flow circulation of chilled water during freezing weather, or
even reduced flow with a small recirculating pump, minimizes coil
freezing and eliminates stratification. Further, continuous full-flow
circulation can provide a source of off-season chilled water in air-
and-water systems. Antifreeze solutions or complete coil draining
also prevent coil freezing. However, because it is difficult (if not
impossible) to drain most cooling coils completely, caution should
be used if this option is considered.

Another design consideration is the drain pan. ASHRAE Stan-
dard 62.1 calls for drain pans to be sloped to a drain, to avoid hold-
ing standing water in the air-handling unit. Because of the constant
presence of moisture in the cooling coil drain pan and nearby
casing, many designers require stainless steel construction in that
portion of the air-handling unit.

Reheat Coil

Reheat coils are heating coils placed downstream of a cooling
coil. Reheat systems are strongly discouraged, unless recovered
energy is used (see ASHRAE Standard 90.1). Positive humidity con-
trol is required to provide comfort conditions for most occupancies.
Either reheat or desiccant is usually required to dehumidify outdoor
air. Reheating is necessary for laboratory, health care, or similar
applications where temperature and relative humidity must be con-
trolled accurately. Heating coils located in the reheat position, as
shown in Figure 11, are frequently used for warm-up, although a coil
in the preheat position is preferable. Hot-water coils provide a very
controllable source of reheat energy. Inner-distributing-tube coils are
preferable for steam applications. Electric coils may also be used.
See Chapter 27 for more information.

Reheat is highly inefficient. In health care occupancies, many
spaces have total air turnover requirements, which, in concert with
the apparatus dew-point temperature required for humidity control
in the space, often results in reheat to avoid space overcooling. Coil-
bypass air handling avoids most of the required reheat through a
strategy described by Nall (2017). Properly controlled to maintain
the required operating parameters, this strategy can significantly
reduce required cooling and heating capacity, and thus first cost, as
well as save significant annual energy costs. However, close atten-
tion is needed to the override strategies to prevent supply air tem-
perature optimization algorithms from compromising the required
space operating conditions.

Humidifiers

Humidifiers may be installed as part of the air-handling unit, or
in terminals at the point of use, or both. Where close humidity con-
trol of selected spaces is required, the entire supply airstream may
be humidified to a low humidity level in the air-handling unit. Ter-
minal humidifiers in the supply ducts serving selected spaces bring
humidity up to the required levels. For comfort installations not
requiring close control, moisture can be added to the air by mechan-
ical atomizers or point-of-use electric or ultrasonic humidifiers.

Steam grid humidifiers with dew-point control usually are used
for accurate humidity control. Air to a laboratory or other space
that requires close humidity control must be reheated after leaving
a cooling coil before moisture can be added. Humidifying equip-
ment capacity should not exceed the expected peak load by more
than 10%. If humidity is controlled from the room or return air, a
limiting humidistat and fan interlock may be needed in the supply
duct. This tends to minimize condensation and mold or mildew
growth in the ductwork. Humidifiers add some sensible heat that
should be accounted for in the psychrometric evaluation. See Chap-
ter 22 for additional information.

An important question for air-handling unit specifiers is where to
place the humidification grid. Moisture cannot be successfully
added to cold air, so placement is typically downstream of a preheat
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coil. For general building humidification, one satisfactory location
is between a preheat coil and cooling coil.

Another consideration is absorption distance (i.e., distance
required for steam to be absorbed into the airstream). This can vary
from 18 in. to 5 ft and must be allowed for in the layout and dimen-
sioning of the air-handling unit.

Dehumidifiers

For most routine applications in dry or limited-cooling climates,
such as offices, residences, and schools, the air-handling unit’s cooling
coil provides adequate dehumidification. For humid climates, sepa-
rate dehumidifiers or some form of reheat or desiccant is usually nec-
essary. Where a specialty application requires additional moisture
removal, desiccant dehumidifiers are an available accessory. Dust can
be a problem with solid desiccants, and lithium contamination is a
concern with spray equipment. Chapter 23 discusses dehumidification
by cooling coils, and Chapter 24 discusses desiccant dehumidifiers.

Energy Recovery Devices

Energy recovery devices are in greater demand as outdoor air
percentage increases along with increasing HVAC efficiency
requirements. ASHRAE Standard 90.1 requires energy recovery
devices for air-handling units except for systems with low outdoor
air percentages or very low overall capacity. They are used exten-
sively in research and development facilities and in hospitals and lab-
oratories with high outdoor air requirements. Many types are
available, and the type of facility usually determines which is most
suitable. Choices include heat pipes, runaround loops, fixed-plate
energy exchangers (both sensible only and enthalpic), and rotary
wheel energy exchangers. See Chapter 26 for details. Select these de-
vices with care, and minimize the differential pressure between air-
streams.

Most manufacturers of factory-packaged air-handling units offer
optional energy recovery modules for both small and large unit
applications. Many countries with extreme climates provide heat
exchangers on outdoor/relief air, even for private homes. This trend
is now appearing in both modest and large commercial buildings
worldwide. Under certain circumstances, heat recovery devices can
save energy and reduce the required capacity of primary cooling and
heating plants by 20% or more.

When applying energy recovery, it is important to have a way to
bypass or disable the energy recovery in mild weather. Under some
outdoor conditions, an energy recovery device can actually
increase energy use. For example, if an air-handling unit is set to
provide 55°F supply air, the exhaust is 75°F, and the outdoor tem-
perature is 55°F, an energy recovery device will warm the supply
air (via the 75°F exhaust) and then require mechanical cooling to
return it to 55°F. An energy recovery device is an excellent choice
during very hot or very cold weather, but not during mild weather.
A rotating enthalpy wheel can be turned off when necessary. For a
fixed-plate heat exchanger, an outdoor-air bypass around the heat
exchanger is needed, with motorized dampers and control logic to
use the recovery device only when advantageous to do so.

Another important consideration is whether to size AHU heating
and/or cooling coils as if the energy recovery device has failed and
is no longer recovering energy, especially for rotary wheel energy
recovery devices whose motor or drive could possibly fail, with
potentially significant negative consequences on a very hot/humid
or very cold day. Doing so allows such a failure to be ridden through
without loss of building temperature control. However, there is
some additional pressure loss of the upsized heating and/or cooling
coil for the 99% (or more) of the time that the energy recovery
device is in good working order. The engineer, in consultation with
the building users, should apply judgment based on the critical
nature of the building (e.g., hospital versus office), consequences of
a failure (e.g., loss of rental income), etc. In colder climates, for
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example, many designers size the heating coil (but not the cooling
coil) as if the energy recovery device has failed, on the assumption
that occupants and property need to be protected from the cold more
so than from heat. Many designers do not apply this safety consid-
eration when applying static energy recovery devices with no mov-
ing parts, reasoning that the likelihood of failure is extremely low.

For more information on technical considerations beyond this
chapter’s scope, see Chapter 26.

Sound Control Devices

Where noise control is important, air-handling units can be spec-
ified with a noise control section, ranging from a plenum lined with
acoustic duct liner to a full bank of duct silencers. This option is
available in the smallest to largest units. Sound attenuation can be
designed into the discharge (supply) end of the air-handling unit to
reduce ductborne fan noise. Remember to consider ductborne noise
traveling backward down the return or outdoor air paths in a noise-
sensitive application, and use a sound attenuation module if neces-
sary at the inlet end of an air-handling unit. See Chapter 49 of the
2019 ASHRAE Handbook—HVAC Applications for details.

Supply Air Fan

Axial-flow, centrifugal, or plenum (plug) fans may be chosen
as supply air fans for straight-through flow applications. In fac-
tory-fabricated units, more than one centrifugal fan may be tied to
the same shaft. If headroom allows, use a single-inlet fan when air
enters at right angles to the flow of air through the equipment. This
allows direct airflow from the fan wheel into the supply duct with-
out abrupt change in direction and loss of efficiency. It also allows
a more gradual transition from the fan to the duct and increases
static regain in the velocity pressure conversion. To minimize inlet
losses, the distance between casing walls and fan inlet should be at
least the diameter of the fan wheel. With a single-inlet fan, the
length of the transition section should be at least half the width or
height of the casing, whichever is longer. If fans blow through the
equipment, analyze air distribution through the downstream com-
ponents, and use baffles to ensure uniform air distribution. See
Chapter 21 for more information.

Two placements of the supply fan section are common. A supply
fan placed downstream of the cooling coil is known as a draw-
through arrangement, because air is drawn, or induced, across the
cooling coil. Similarly, a supply fan placed upstream of the cooling
coil is called the blow-through position. Either arrangement is
possible in both small and large air-handling units, and in factory-
packaged and custom field-erected units.

A draw-through system (illustrated in Figure 1) draws air
across the coils. A draw-through system usually provides a more
even air distribution over all parts of the coil. However, some fan
heat is added to the airstream after the air has crossed the cooling
coil and must be taken into account when calculating the desired
supply air temperature. Depressing the cooling coil’s leaving air
temperature an equivalent amount to account for fan heat, may acci-
dentally add additional latent load to the system because depressing
the coil leaving temperature if in an already saturated condition
strips additional moisture from the airstream. In other words, a
draw-through arrangement has a higher dehumidification (latent
cooling) effect for a given leaving air temperature. If a typical cool-
ing coil drops the wet-bulb temperature 12°F and the motor heat rise
is 3°F, then the latent cooling is 12 — 3 = 9°F. This can help with
applications that need higher dehumidification levels.

A blow-through system (illustrated in Eigure 1) requires some
caution on the part of the designer, because the blast effect of the sup-
ply fan outlet can concentrate a high percentage of the total air over
a small percentage of the downstream coil surfaces. Air diffusers or
diverters may be required. Consequently, blow-through air-handling
units may tend to be longer overall than comparable draw-through
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units. Now that plenum fans and plenum fan arrays have become
more common, their air discharge pattern tends to be much more uni-
form, somewhat mitigating this concern. This arrangement offers the
advantage of placing the fan before the cooling coil, raising the tem-
perature of air before it enters the cooling coil and thereby allowing
the cooling coil to remove fan heat from the system. The added heat
is entirely sensible and therefore typically less than the sensible-
plus-latent penalty discussed for draw-through. The blow-through
arrangement is mandatory where natural-gas-fired heat exchangers
are used for heating.

In either arrangement, consider the system effect of the fan
arrangement in the unit. Refer to AMCA Standard 210/ASHRAE
Standard 51 for details.

Miscellaneous Components

Vibration and sound isolation equipment is required for many
central fan installations. Standard mountings of fiberglass, ribbed
rubber, neoprene mounts, and springs are available for most fans
and prefabricated units. The designer must account for seismic
restraint requirements for the seismic zone in which the project is
located (see Chapter 56 of the 2019 ASHRAE Handbook—HVAC
Applications). In some applications, fans may require concrete
inertia blocks in addition to spring mountings. Steel springs
require sound-absorbing material inserted between the springs and
the foundation. Horizontal discharge fans operating at a high static
pressure frequently require thrust arrestors. Ductwork connections
to fans should be made with fireproof fiber cloth sleeves having
considerable slack, but without offset between the fan outlet and
rigid duct. Misalignment between the duct and fan outlet can cause
turbulence, generate noise, and reduce system efficiency. Electrical
and piping connections to vibration-isolated equipment should be
made with flexible conduit and flexible connections.

Equipment noise transmitted through ductwork can be reduced
by sound-absorbing units, acoustical lining, and other means of
attenuation. Sound transmitted through the return and relief ducts
should not be overlooked. Acoustical lining sufficient to adequately
attenuate objectionable system noise or locally generated noise
should be considered. Chapter 49 of the 2019 ASHRAE Hand-
book—HVAC Applications and Chapter 8 of the 2017 ASHRAE
Hand-book—Fundamentals have further information on sound and
vibration control. Noise control, both in occupied spaces and out-
doors near intake or relief louvers, must be considered. Some local
ordinances may limit external noise produced by these devices.

1.3 AIRDISTRIBUTION

Once air-handling system and air-handling equipment have been
selected, air must be distributed to the zone(s) served. Ductwork
should deliver conditioned air to each zone as directly, quietly, and
economically as possible. Air distribution ductwork and terminal
devices must be compatible; otherwise, the system will either fail to
operate effectively or incur high first, operating, and maintenance
costs. Unit connections must be given close attention; see AMCA
Standard 210/ASHRAE Standard 51 for details.

Ductwork Design

Chapter 21 of the 2017 ASHRAE Handbook—Fundamentals
describes ductwork design in detail and gives several methods of
sizing duct systems, including static regain and equal friction. Duct
sizing is often performed manually for simple systems, but commer-
cially available duct-sizing software programs are often used for
larger and complex systems. It is imperative that the designer coor-
dinate duct design with architectural and structural design. Struc-
tural features of the building generally require some compromise
and often limit depth. In commercially developed projects, great
effort is made to reduce floor-to-floor dimensions. In architecturally

411

significant buildings, high ceilings, barrel-vault ceilings, rotundas
and domes, ceiling coves, and other architectural details can place
obstacles in the path of ductwork. The resultant decrease in avail-
able interstitial space left for ductwork can be a major design chal-
lenge. Layout of ductwork in these buildings requires experience,
skill, and patience on the part of the designer.

Considerations. Duct systems can be designed for high or low
velocity. A high-velocity system has smaller ducts, which save
space but require higher pressures and may result in more noise. In
some low-velocity systems, medium or high fan pressures may be
required for balancing or to overcome high pressure drops from ter-
minal devices. In any variable-flow system, changing operating
conditions can cause airflow in the ducts to differ from design flow.
Thus, varying airflow in the supply duct must be carefully analyzed
to ensure that the system performs efficiently at all loads. This pre-
caution is particularly needed with high-velocity air. Return air
ducts are usually sized by the equal friction method. ASHRAE is
currently developing a ductwork design manual, scheduled for pub-
lication in late 2016.

In many applications, the space between a suspended ceiling
and the floor slab or roof above it is used as a return air plenum, so
that return air is collected at a central point. Governing codes
should be consulted before using this approach in new design,
because most codes prohibit combustible material in a ceiling
space used as a return air plenum. For example, the National Elec-
trical Code® Handbook (NFPA 2017) requires that either conduit
or PTFE-insulated wire (often called plenum-rated cable) be
installed in a return air plenum. In addition, regulations often
require that return air plenums be divided into smaller areas by
firewalls and that fire dampers be installed in ducts, which
increases first cost.

In research and some industrial facilities, return ducting must be
installed to avoid contamination and growth of biological contami-
nants in the ceiling space. Lobby ceilings with lay-in panels may not
work well as return plenums where negative pressure from high-rise
elevators or stack effects of high-rise buildings may occur. If the ple-
num leaks to the low-pressure area, the tiles may lift and drop out
when the outer door is opened and closed. Return plenums directly
below a roof deck have substantially greater return air temperature
increases or decreases than a duct return.

Corridors should not be used for return air because they spread
smoke and other contaminants. Although most codes ban return-
ing air through corridors, the method is still used in many older
facilities.

All ductwork should be sealed. Energy waste because of leaks
in the ductwork and terminal devices can be considerable. Un-
sealed ductwork in many commercial buildings can have leakage
of 20% or more.

Air systems are classified in two categories:

 Single-duct systems contain the main heating and cooling coils
in a series-flow air path. A common duct distribution system at a
common air temperature feeds all terminal apparatus. Capacity
can be controlled by varying air temperature or volume.

¢ Dual-duct systems contain the main heating and cooling coils in
parallel-flow or series/parallel-flow air paths with either (1) a sep-
arate cold- and warm-air duct distribution system that blends air
at the terminal apparatus (dual-duct systems), or (2) a separate
supply air duct to each zone with the supply air blended at the
main unit with mixing dampers (multizone). Dual-duct systems
generally vary the supply air temperature by mixing two air-
streams of different temperatures, but they can also vary the vol-
ume of supply air in some applications.

These categories are further divided and described in the follow-
ing sections.
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2. AIR-HANDLING SYSTEMS

2.1 SINGLE-DUCT SYSTEMS

Constant Volume

While maintaining constant airflow, single-duct constant-
volume systems change the supply air temperature in response to
the space load (Eigure 9).

Single-Zone Systems. The simplest all-air system is a supply
unit serving a single zone. The unit can be installed either in or
remote from the space it serves, and may operate with or without
distribution ductwork. Ideally, this system responds completely to
the space needs, and well-designed control systems maintain tem-
perature and humidity closely and efficiently. Single-zone systems
often involve short ductwork with low pressure drop and thus low
fan energy, and can be shut down when not required without affect-
ing operation of adjacent areas, offering further energy savings. A
return or relief fan may be needed, depending on system capacity
and whether 100% outdoor air is used for cooling as part of an
economizer cycle. Relief fans can be eliminated if overpressuriza-
tion can be relieved by other means, such as gravity dampers.

Multiple-Zone Reheat Systems. Multiple-zone reheat is a mod-
ification of the single-zone system. It provides (1) zone or space
control for areas of unequal loading, (2) simultaneous heating or
cooling of perimeter areas with different exposures, and (3) close
control for process or comfort applications. As the word reheat
implies, heat is added as a secondary simultaneous process to either
preconditioned (cooled, humidified, etc.) primary air or recirculated
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room air. Relatively small low-pressure systems place reheat coils in
the ductwork at each zone. More complex designs include high-
pressure primary distribution ducts to reduce their size and cost, and
pressure reduction devices to maintain a constant volume for each
reheat zone.

The system uses conditioned air from a central unit, generally at
a fixed cold-air temperature that is low enough to meet the maximum
cooling load. Thus, all supply air is always cooled the maximum
amount, regardless of the current load. Heat is added to the airstream
in each zone to avoid overcooling that zone, for every zone except the
zone experiencing peak cooling demand. The result is very high
energy use, so use of this system is restricted by ASHRAE Standard
90.1. However, the supply air temperature from the unit can be var-
ied, with proper control, to reduce the amount of reheat required and
associated energy consumption. Care must be taken to avoid high
internal humidity when the temperature of air leaving the cooling
coil is allowed to rise during cooling.

Constant-volume reheat can ensure close control of room humid-
ity and/or space pressure.

In cold weather, when a reheat system heats a space with an exte-
rior exposure, the reheat coil must not only replace the heat lost from
the space, but also must offset cooling of the supply air (enough cool-
ing to meet the peak load for the space), further increasing energy
consumption. If a constant-volume system is oversized, reheat cost
becomes excessive.

In commercial applications, use of a constant-volume reheat sys-
tem is generally discouraged in favor of variable-volume or other
systems. Constant-volume reheat systems may continue to be ap-
plied in hospitals, laboratories, and other critical applications where
variable airflow may be detrimental to proper pressure relationships
(e.g., for infection control).

Variable Air Volume (VAV)

A VAV system (Eigure 10) controls temperature in a space by
varying the quantity of supply air rather than varying the supply air
temperature. A VAV terminal unit at the zone varies the quantity of
supply air to the space. The supply air temperature is held relatively
constant. Although supply air temperature can be moderately reset
depending on the season, it must always be low enough to meet the
cooling load in the most demanding zone and to maintain appropriate
relative humidity. VAV systems can be applied to interior or perime-
ter zones, with common or separate fans, with common or separate
air temperature control, and with or without auxiliary heating
devices. The greatest energy saving associated with VAV occurs in
perimeter zones, where variations in solar load and outdoor tempera-
ture allow the supply air quantity to be reduced.
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Other measures may also maintain enough air circulation
through the room to achieve acceptable humidity levels. The human
body is more sensitive to elevated air temperatures when there is lit-
tle air movement. Minimum air circulation can be maintained
during reduced load by (1) raising the supply air temperature of the
entire system, which increases space humidity, or supplying reheat
on a zone-hy-zone basis; (2) providing auxiliary heat in each room
independent of the air system; (3) using individual-zone recircula-
tion and blending varying amounts of supply and room air or supply
and ceiling plenum air with fan-powered VAV terminal units, or, if
design allows, at the air-handling unit; (4) recirculating air with a
VAV induction unit; or (5) providing a dedicated recirculation fan to
increase airflow.

VAV reheat can ensure close room space pressure control with
the supply terminal functioning in sync with associated room
exhaust. A typical application might be a fume hood VAV exhaust
with constant open sash velocity (e.g., 85 or 100 fpm) or occupied/
unoccupied room hood exhaust (e.g., 100 fpm at sash in occupied
periods and 60 fpm in unoccupied periods).

Dual-Conduit. This method is an extension of the single-duct
VAV system: one supply duct offsets exterior transmission cooling or
heating loads by its terminal unit with or without auxiliary heat, and
the other supply air path provides cooling throughout the year. The
first airstream (primary air) operates as a constant-volume system,
and the air temperature is varied to offset transmission only (i.e., itis
warm in winter and cool in summer). Often, however, the primary-air
fan is limited to operating only during peak heating and cooling peri-
ods to further reduce energy use. When calculating this system’s
heating requirements, the cooling effect of secondary air must be
included, even though the secondary system operates at minimum
flow. The other airstream (secondary air) is cool year-round and var-
ies in volume to match the load from solar heating, lights, power, and
occupants. It serves both perimeter and interior spaces.

Variable Diffuser. The discharge aperture of this diffuser is
reduced to keep discharge velocity relatively constant while reducing
conditioned supply airflow. Under these conditions, the diffuser’s
induction effect is kept high, cold air mixes in the space, and the
room air distribution pattern is more nearly maintained at reduced
loads. These devices are of two basic types: one has a flexible blad-
der that expands to reduce the aperture, and the other has a diffuser
plate that moves. Both devices are pressure dependent, which must
be considered in duct distribution system design. They are either
powered by the system or pneumatically or electrically driven.

2.2 DUAL-DUCT SYSTEMS

A dual-duct system conditions all air in a central apparatus and
distributes it to conditioned spaces through two ducts, one carrying
cold air and the other carrying warm air. In each conditioned zone,
air valve terminals mix warm and cold air in proper proportion to
satisfy the space temperature and pressure control. Dual-duct sys-
tems may be designed as constant volume or variable air volume; a
dual-duct, constant-volume system generally uses more energy than
a single-duct VAV system. As with other VAV systems, certain
primary-air configurations can cause high relative humidity in the
space during the cooling season.

Constant Volume

Dual-duct, constant-volume systems using a single supply fan
were common through the mid-1980s, and were used frequently as
an alternative to constant-volume reheat systems. Today, dual-fan
applications are standard. There are two types of dual-duct, single-
fan application: with reheat, and without.

Single Fan with Reheat. There are two major differences be-
tween this and a conventional terminal reheat system: (1) reheat is
applied at a central point in the fan unit hot deck instead of at indi-
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vidual zones (Eigure 11), and (2) only part of the supply air is cooled
by the cooling coil (except at peak cooling demand); the rest of the
supply is heated by the hot-deck coil during most hours of operation.
This uses less heating and cooling energy than the terminal reheat
system where all the air is cooled to full cooling capacity for more
operating hours, and then all of it is reheated as required to match the
space load. Fan energy is constant because airflow is constant.

Single Fan without Reheat. This system has no heating coil in
the fan unit hot deck and simply pushes a mixture of outdoor and
recirculated air through the hot deck. A problem occurs during peri-
ods of high outdoor humidity and low internal heat load, causing the
space humidity to rise rapidly unless reheat is added. This system
has limited use in most modern buildings because most occupants
demand more consistent temperature and humidity. A single-fan,
no-reheat dual-duct system does not use any extra energy for reheat,
but fan energy is constant regardless of space load.

Variable Air Volume

Dual-duct VAV systems blend cold and warm air in various vol-
ume combinations. These systems may include single-duct VAV
terminal units connected to the cold-air duct distribution system for
cooling-only interior spaces (see Figures 11 and 12), and the cold
duct may serve perimeter spaces in sync with the hot duct. This
saves reheat energy for the air for those cooling-only zones because
space temperature control is by varying volume, not supply air tem-
perature, which may save some fan energy to the extent that the air-
flow matches the load.

Newer dual-duct air terminals provide two damper operators per
air terminal, which allows the unit to function like a single-duct
VAV cooling terminal unit (e.g., 10 in. inlet damper) and a single-
duct VAV heating terminal unit (e.g., 6 in. inlet damper) in one
physical terminal package. This arrangement allows the designer to
specify the correct cold-air supply damper as part of the dual-duct
terminal, which is usually a large supply air quantity in sync with
a smaller hot-air supply damper in the same terminal unit. This pro-
vides temperature control by means of dual-duct box mixing at
minimum airflow; it also saves both heating and cooling energy
and fan energy, because the terminal damper sizes are more appro-
priate for the design flow compared to older dual-duct terminals,
which provided same-size cold and hot dampers and a single
damper operator that did not allow space temperature and airflow
controllability.

Single-Fan, Dual-Duct (SFDD) System. This system (see Figure
11), frequently used as a retrofit to an antiquated dual-duct, single-fan
application during the 1980s and 1990s, uses a single supply fan
sized for the peak cooling load or the coincident peak of the hot and
cold decks. Fan control is from two static-pressure controllers, one
located in the hot deck and the other in the cold deck. The duct requir-
ing the highest pressure governs the airflow by signaling the supply
fan VFD speed control. An alternative is to add discharge supply air
duct damper control to both the cold and hot ducts to vary flow while
the supply fan operates up and down its fan curve. Return air fan
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tracking of discharge supply air must be assessed with this applica-
tion.

Usually, the cold deck is maintained at a fixed temperature,
although some central systems allow the temperature to rise during
warmer weather to save refrigeration. The hot-deck temperature is
often raised during periods of low outdoor temperature and high
humidity to increase the flow over the cold deck for dehumidifica-
tion. Other systems, particularly in laboratories, use a precooling
coil to dehumidify the total airstream or just the outdoor air to limit
humidity in the space. Return air quantity can be controlled either
by flow-measuring devices in the supply and return duct or by static-
pressure controls that maintain space static pressure.

Duda (2018b) strongly cautions against applying SFDD in moist
climates unless all air is directed across a cooling coil (humidity
control; see Figure 11). Otherwise, air traveling down the warm-air
branch has no opportunity for dehumidification and some non-
dehumidified air will be delivered to the space, which can lead to
lack of thermal comfort or even conditions hospitable to mold
growth. If a zone begins to overcool, the warm-air damper must
modulate open to prevent overcooling. If the space is thermally neu-
tral or has only a small net cooling load, supply air can be brought
by the warmer duct, which has not been dehumidified. So, loss of
indoor relative humidity control will be the result.

Dual-Fan, Dual-Duct (DFDD) System. Supply air volume of
each supply fan is controlled independently by the static pressure in
its respective duct (Eigure 12). The return fan is controlled based on
the sum of the hot and cold fan volumes using flow-measuring sta-
tions. Each fan is sized for the anticipated maximum coincident hot
or cold volume, not the sum of the instantaneous peaks; that is, each

fan provides only the amount and temperature of heating or cooling
air needed, while maintaining constant airflow in each zone. The cold
deck can be maintained at a constant temperature either with mechan-
ical refrigeration, when minimum outdoor air is required, or with an
air-side economizer, when outdoor air is below the temperature of the
cold-deck set point. This operation does not affect the hot deck,
which can recover heat from the return air, and the heating coil need
operate only when heating requirements cannot be met using return
air. Outdoor air can provide ventilation air via the hot duct when the
outdoor air is warmer than the return air. However, controls should be
used to prohibit introducing excessive amounts of outdoor air beyond
the required minimum when that air is more humid than the return air.
This system is highly regarded for critical-care hospitals.

2.3 MULTIZONE SYSTEMS

The multizone system (Eigure 13) supplies several zones from
a single, centrally located air-handling unit. Different zone
requirements are met by mixing cold and warm air through zone
dampers at the air-handling unit in response to zone thermostats.
The mixed, conditioned air is distributed throughout the building
by single-zone ducts. The return air is handled conventionally. The
multizone system is similar to the dual-duct system and has the
same potential problem with high humidity levels. This system
can provide a smaller building with the advantages of a dual-duct
system, and it uses packaged equipment, which is less expensive.

Packaged equipment is usually limited to about 12 zones, al-
though built-up systems can include as many zones as can be phys-
ically incorporated in the layout. A multizone system is somewhat
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more energy efficient than a terminal reheat system because not all
the air goes through the cooling coil, which reduces the amount of
reheat required. But a multizone system uses essentially the same
fan energy as terminal reheat because the airflow is constant.

There are two common variations on the multizone system. A
three-deck multizone system is similar to the standard multizone
system, but bypass zone dampers are installed in the air-handling
unit parallel with the hot- and cold-deck dampers. In the Texas
multizone system, the hot-deck heating coil is removed from the
air-handling unit and replaced with an air-resistance plate matching
the cooling coil’s pressure drop. Individual heating coils are placed
in each perimeter zone duct. These heating coils are usually located
in the equipment room for ease of maintenance. This system is com-
mon in humid climates where the cold deck often produces 48 to
52°F air for humidity control. Using the air-handling units’ zone
dampers to maintain zone conditions, supply air is then mixed with
bypass air rather than heated air. Heat is added only if the zone
served cannot be maintained by delivering return air alone. These
arrangements can save considerable reheat energy.

2.4 SPECIAL SYSTEMS

Primary/Secondary

Some processes use two interconnected all-air systems (Eigure
14). In these situations, space gains are very high and/or a large
number of air changes are required (e.g., in sterile or cleanrooms or
where close-tolerance conditions are needed for process work). The
primary system supplies the conditioned outdoor air requirements
for the process to the secondary system. The secondary system
provides additional cooling and humidification (and heating, if
required) to offset space and fan power gains. Normally, the second-
ary cooling coil is designed to be dry (i.e., sensible cooling only) to
reduce the possibility of bacterial growth, which can create air qual-
ity problems. The alternative is to have the primary system supply
conditioned outdoor air (e.g., 20 air changes per hour [ach]) to the
ceiling return air plenum, where fan-powered HEPA filter units pro-
vide the total supply air (e.g., 120 ach) to the occupied space. The
total heat gain from the numerous fan-powered motors in the return
air plenum must be taken into account.

Dedicated Outdoor Air

Similar in some respects to the primary/secondary system, the
dedicated outdoor air system (DOAS) decouples air-conditioning of
the outdoor air from conditioning of the internal loads. Long popu-
lar in hotels and multifamily residential buildings, DOAS is now
gaining popularity in commercial buildings and many other appli-
cations. The DOAS introduces 100% outdoor air, heats or cools it,
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may humidify or dehumidify it, and filters it, then supplies this
treated air to each of its assigned spaces. DOAS can accommodate
an exhaust or relief airflow for heat recovery between the outdoor
and exhaust or relief airflows. Air volume is sized in response to
minimum ventilation standards, such as ASHRAE Standard 62.1,
or to meet makeup air demands. Often, the DOAS serves multiple
spaces and is designed not necessarily to control space temperature,
but to provide thermally neutral air to those spaces. A second, more
conventional system serves those same spaces and is intended to
control space temperature. The conventional system is responsible
for offsetting building envelope and internal loads. In this instance,
however, the conventional system has no responsibility for condi-
tioning or delivering outdoor air. A common example may be a large
apartment building with individual fan-coil units (the conventional
system) in each dwelling unit, plus a common building-wide DOAS
to deliver code-required outdoor air to each housing unit for good
indoor air quality and to make up bathroom and/or kitchen exhaust.
Another application is to provide minimum outdoor air ventilation
while controlling space temperature with radiant panels, chilled
beams, valance heating and cooling, etc.

Underfloor Air Distribution

An underfloor air distribution (UFAD) system (Eigure 15) uses
the open space between a structural floor slab and the underside of
araised-floor system to deliver conditioned air to supply outlets at or
near floor level. Floor diffusers make up the large majority of
installed UFAD supply outlets, which can provide different levels of
individual control over the local thermal environment, depending on
diffuser design and location. UFAD systems use variations of the
same basic types of equipment at the cooling and heating plants and
primary air-handling units as conventional overhead systems do.
Variations of UFAD include displacement ventilation and task/
ambient systems.

Humidity control is necessary for UFAD air-handling units. In
climates requiring dehumidification of outdoor air, a cooling coil
leaving temperature of 50 to 55°F is typical. To maintain the higher
plenum inlet temperatures of 61 to 65°F airflow required for deliv-
ery, mixing return air with outdoor air is necessary. Figure 15 shows
a bypass arrangement where the incoming outdoor and a portion of
the return air are mixed and dehumidified through the cooling coil,
before the remainder of the return air is bypassed around the cooling
coil in controlled mixing to maintain the higher plenum supply air
temperature.

Displacement ventilation can be a variant of UFAD, using a
large number of low-volume supply air outlets to create laminar flow.
See Chapter 58 of the 2019 ASHRAE Handbook—HVAC Applica-
tions for more information.
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Fig. 14 Primary/Secondary System
(Courtesy RDK Engineers)
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A task/ambient conditioning (TAC) system is defined as any
space-conditioning system that allows thermal conditions in small,
localized zones (e.g., regularly occupied work locations) to be indi-
vidually controlled by nearby building occupants while automa-
tically maintaining acceptable environmental conditions in the
ambient space of the building (e.g., corridors, open-use space, other
areas outdoor of regularly occupied work space). Typically, the occu-
pant can control the perceived temperature of the local environment
by adjusting the speed and direction, and in some cases the tempera-
ture, of incoming air supply, much like on the dashboard of a car.
TAC systems are distinguished from standard UFAD systems by the
higher degree of personal comfort control provided by the localized
supply outlets. TAC supply outlets use direct-velocity cooling to
achieve this level of control, and are therefore most commonly con-
figured as fan-driven (active) jet-type diffusers that are part of the
furniture or partitions. Active floor diffusers are also possible.

Unlike conventional HVAC design, in which conditioned air is
both supplied and exhausted at ceiling level, UFAD removes supply
ducts from the ceilings and allows a smaller overhead ceiling cavity.
Less stratification and improved ventilation effectiveness may be
achieved with UFAD because air flows from a floor outlet to a ceil-
ing inlet, rather than from a ceiling outlet to a ceiling inlet. UFAD
has long been popular in computer room and data center applica-
tions, and in Europe in conventional office buildings. Close atten-
tion to underfloor tightness is needed because, unlike a supply air
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duct that is pressure tested for leakage and installed only by the
sheet metal contractor, the entire raised-floor structure of the ple-
num contains elements from multiple trades (e.g., electrical con-
duits, floor drains, wall partitions) that all influence underfloor
structure. Humidity control is needed to prevent condensation on
the concrete floor mass. The air also gains and loses heat as the mass
of the flooring heats and cools.

For more information, see Chapter 20 of the 2017 ASHRAE Hand-
book—Fundamentals, ASHRAE’s UFAD Guide (ASHRAE 2016),
and Chapters 20 and 32 of the 2019 ASHRAE Handbook—HVAC
Applications.

Wetted Duct/Supersaturated

Some industries spray water into the airstream at central air-
handling units in sufficient quantities to create a controlled carry-
over (Figure 16). This supercools the supply air, normally equivalent
to an oversaturation of about 10 grains per pound of air, and allows
less air to be distributed for a given space load. These are used where
high humidity is desirable, such as in the textile or tobacco industry,
and in climates where adiabatic cooling is sufficient.

Compressed-Air and Water Spray

This is similar to the wetted duct system, except that the water is
atomized with compressed air and provides limited cooling while
maintaining a relatively humid environment. Nozzles are sometimes
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placed inside the conditioned space and independent of the cooling
air supply, and can be used for large, open manufacturing facilities
where humidity is needed to avoid static electricity in the space. Sev-
eral nozzle types are available, and the designer should understand
their advantages and disadvantages. Depending on the type of noz-
zle, compressed-air and water spray systems can require large and
expensive air compressors. The extra first cost might be offset by
energy cost savings, depending on the application.

Low-Temperature

Ice storage is often used to reduce peak electrical demand. Low-
temperature systems (where air is supplied at as low as 40°F) are
sometimes used. Benefits include smaller central air-handling units
and associated fan power, and smaller supply air duct distribution.
At air terminals, fan-powered units are frequently used to increase
supply air to the occupied space. Attention to detail is important
because of the low air temperature and the potential for excessive
condensate on supply air duct distribution in the return plenum
space. These fan-powered terminals mix return air or room air with
cold supply air to increase the air circulation rate in the space. Alter-
natively, DFDD systems can be used with low-temperature supply
air in one duct.

Smoke Control

Air-conditioning systems are often used for smoke control
during fires. Controlled airflow can provide smoke-free areas for
occupant evacuation and fire fighter access. Space pressurization
creates a low-pressure area at the smoke source, surrounding it with
high-pressure spaces. The air-conditioning system can also be
designed to provide makeup air for smoke exhaust systems in atria
and other large spaces (Duda 2004). For more information, see
Chapter 54 of the 2019 ASHRAE Handbook—HVAC Applications.
Klote et al. (2012) also have detailed information on this topic.

2.5 AIR TERMINAL UNITS

Airterminal units (ATUs) are located between the primary air dis-
tribution systems and the conditioned space. There are two main
types: (1) passive devices, such as supply outlets (registers or diffus-
ers) and return or exhaust inlets (grilles or registers), and (2) active
devices (also known as boxes).

Passive devices deliver and extract air throughout the condi-
tioned space without occupants sensing a draft and without creating
excessive noise. In systems such as low-velocity all-air systems, air-
flow amounts and direction entering and leaving the conditioned
space are usually manually adjusted; see Chapter 20 of the 2017
ASHRAE Handbook—Fundamentals.

With active devices, the ATU controls the quantity and/or tem-
perature of the supply air to maintain desired conditions in the
space. In medium- and high-velocity air systems, ATUs normally
control air volume, reduce duct pressure, or both. Various types are
available. A VAV terminal varies the amount of air delivered. Air
may be delivered to low-pressure ductwork and then to the space, or
the air terminal may contain an integral air diffuser. A fan-powered
VAV terminal varies the amount of primary air delivered, but it also
uses a fan to mix ceiling plenum or return air with primary supply
air before it is delivered to the space. An all-air induction terminal
controls the volume of primary air, induces a flow of ceiling plenum
or space air, and distributes the mixture through low-velocity
ductwork to the space. An air/water induction terminal includes a
coil or coils in the induced airstream to condition the return air
before it mixes with the primary air and enters the space. For more
information on ATUs, see Chapter 5.

Constant-Volume Reheat

Constant-volume reheat ATUs are used mainly in terminal reheat
systems with medium- to high-velocity ductwork. The unit serves as
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a pressure-reducing valve and constant-volume regulator to main-
tain a constant supply air quantity to the space, and is generally fit-
ted with an integral reheat coil that controls space temperature. The
constant supply air quantity is selected to provide cooling to match
the peak load in the space, and the reheat coil is controlled to raise
the supply air temperature as necessary to maintain the desired
space temperature at reduced loads.

Variable Air Volume

VAV terminal units are available in many configurations, all of
which control the space temperature by varying the volume of cool
supply air from the air-handling unit in response to room temperature
feedback. VAV terminal units are fitted with automatic controls that
are most commonly pressure independent (i.e., they measure actual
supply airflow and control flow in response to room temperature).
Pressure-independent units may be fitted with a velocity-limit con-
trol that overrides the room temperature signal to limit the mea-
sured supply velocity to some selected maximum. Velocity-limit
control can be used to prevent excess airflow through units nearest
the air-handling unit. Excessive airflow at units close to the air-
handling unit can draw so much supply air that more distant units
do not get enough air.

Throttling without Reheat. Throttling (or pinch-off) without
reheat essentially uses an air valve or damper to reduce supply air-
flow to the space in response to falling space temperature. The unit
usually includes some means of sound attenuation to reduce air
noise created by the throttling action. It is the simplest and least
expensive VAV terminal unit, but is suitable for use only where no
heat is required and the zone served is not occupied, allowing the
unit to go completely closed at reduced cooling loads. If this type of
unit is set up with a minimum position, it will constantly provide
cooling to the space, whether the space needs it or not, and can over-
cool the space. This approach offers the lowest fan energy use,
because it minimizes airflow to just the amount required by the
cooling load.

Throttling with Reheat. This simple VAV system integrates
heating at the terminal unit with the same type of air valve. It is
applied in interior and exterior zones where full heating and cool-
ing flexibility is required. These terminal units can be set to main-
tain a predetermined minimum air quantity necessary to (1) offset
the heating load, (2) limit maximum humidity, (3) provide reason-
able air movement in the space, and (4) provide required ventilation
air. The reheat coil is most commonly hot water or electric resis-
tance.

Variable air volume with reheat allows airflow to be reduced as
the first step in control; heat is then initiated as the second step.
Compared to constant-volume reheat, this procedure reduces oper-
ating cost appreciably because the amount of primary air to be
cooled and secondary air to be heated is reduced. Many types of
controls can provide control sequences with more than one mini-
mum airflow. This type of dual-maximum control allows the ATU to
go to a lower flow rate that just meets ventilation requirements at the
lightest cooling loads, then increase to a higher flow rate when the
heating coil is energized (Taylor et al. 2012). A feature can be pro-
vided to isolate the availability of reheat during the summer, except
in situations where even low airflow would overcool the space and
should be avoided or where increased humidity causes discomfort
(e.g., in conference rooms when the lights are turned off).

Because the reheat coil requires some minimum airflow to
deliver heat to the space, and because the reheat coil must absorb all
of the cooling capacity of that minimum airflow before it starts to
deliver heat to the space, energy use can be significantly higher than
with throttling ATUs that go fully closed.

Dual-Duct. Dual-duct systems typically feature throttling dual-
duct VAV air terminal units. These terminal units are very similar
to the single-duct VAV ATUs except that two primary air inlets are
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provided. This allows connection of one primary air inlet to a heat-
ing duct and the other to a cooling duct. The dual-duct ATU then
modulates both air dampers in response to instructions from a ther-
mostat. Dual-duct ATUs are generally available in a constant-
volume output, with cooling and heating dampers operating in
tandem but inversely such that the sum total of heating plus cooling
is always relatively constant. Dual-duct ATUs are also available in
a variable-volume output, with only the cooling or heating damper
allowed to stroke open at any given time, such that cooling damper
must be closed before the heating damper can stroke open. Mini-
mum positions are available on these dampers to meet minimum
ventilation airflow requirements even when little or no airflow
would otherwise be required.

Induction. The VAV induction system uses an ATU to reduce
cooling capacity by simultaneously reducing primary air and induc-
ing room or ceiling air (replacing the reheat coil) to maintain a rela-
tively constant room supply volume. This operation is the reverse of
the bypass air terminal. The primary-air quantity decreases with
load, retaining the savings of VAV, and the air supplied to the space
is kept relatively constant to avoid the effect of stagnant air or low air
movement. VAV induction units require a higher inlet static pressure,
which requires more fan energy, to achieve the velocities necessary
for induction. Today, induction units have for the most part been dis-
placed by fan-powered ATUs, which allow reduction of inlet static
pressure and, in turn, reduced central air-handling unit fan power.

Fan-Powered. Fan-powered systems are available in either par-
allel or series airflow. In parallel-flow units, the fan is located out-
side the primary airstream to allow intermittent fan operation. A
backdraft damper on the terminal fan prevents conditioned air from
escaping into the return air plenum when the terminal fan is off. In
series units, the fan is located in the primary airstream and runs con-
tinuously when the zone is occupied. These constant-airflow fan
ATUs inacommon return plenum can help maintain indoor air qual-
ity by recirculating air from overventilated zones to zones with
greater outdoor air ventilation requirements.

Fan-powered systems, both series and parallel, are often selected
because they maintain higher air circulation through a room at low
loads but still retain the advantages of VAV systems. As the cold
primary-air valve modulates from maximum to minimum (or
closed), the unit recirculates more plenum air. In a perimeter zone,
a hot-water heating coil, electric heater, baseboard heater, or remote
radiant heater can be sequenced with the primary-air valve to offset
external heat losses. Between heating and cooling operations, the
fan only recirculates ceiling air. This allows heat from lights to be
used for space heating, for maximum energy saving. During unoc-
cupied periods, the main supply air-handling unit remains off and
individual fan-powered heating zone terminals are cycled to main-
tain required space temperature, thereby reducing operating cost
during unoccupied hours.

Fans for fan-powered air-handling units operated in series are
sized and operated to maintain minimum static pressures at the unit
inlet connections. This reduces fan energy for the central air-
handling unit, but the small fans in fan-powered units are less effi-
cient than the large air-handling unit fans. As a result, the series fan-
powered unit (where small fans operate continuously) may use more
fan energy than a throttling unit system. However, the extra fan
energy may be more than offset by the reduction in reheat through
the recovery of plenum heat and the ability to operate a small fan to
deliver heat during unoccupied hours where heat is needed.

Because fan-powered ATUs involve an operating fan, they may
generate higher sound levels than throttling ATUs. Acoustical
ceilings generally are not very effective sound barriers, so extra care
should be taken in considering the sound level in critical spaces near
fan-powered terminal units.

Both parallel and series fan-powered terminal units should be
provided with filters. A disadvantage of this type of terminal unit is
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the need to periodically change these filters, making them unsuit-
able for installation above inaccessible ceilings. A large building
could contain hundreds of fan-powered terminal units, some of
which might be located in inconvenient locations above office fur-
niture or executive offices. Select installation locations carefully for
maximum accessibility.

The constant (series) fan VAV terminal can accommodate mini-
mum (down to zero) flow at the primary-air inlet while maintaining
constant airflow to the space.

Both types of fan-powered units and induction terminal units are
usually located in the ceiling plenum to recover heat from lights. This
sometimes allows these terminals to be used without reheat coils in
internal spaces. Perimeter-zone units are sometimes located above
the ceiling of an interior zone where heat from lights maintains a
higher plenum temperature. Provisions must still be made for morn-
ing warm-up and night heating. Also, interior spaces with a roof load
must have heat supplied either separately in the ceiling or at the ter-
minal.

Terminal Humidifiers

Most projects requiring humidification use steam. This can be
centrally generated as part of the heating plant, where potential
contamination from water treatment of the steam is more easily
handled and therefore of less concern. Where there is a concern,
local generators (e.g., electric or gas) that use treated water are
used. Compressed-air and water humidifiers are used to some
extent, and supersaturated systems are used exclusively for special
circumstances, such as industrial processes. Spray-type washers
and wetted coils are also more common in industrial facilities.
When using water directly, particularly in recirculating systems,
the water must be treated to avoid dust accumulation during evap-
oration and the build-up of bacterial contamination.

Terminal Filters

In addition to air-handling unit filters, terminal filters may be
used at the supply outlets to protect particular conditioned spaces
where an extra-clean environment is desired (e.g., in a hospital’s
surgery suite). Chapter 29 discusses this topic in detail.

2.6 AIRDISTRIBUTION SYSTEM CONTROLS

Controls should be automatic and simple for best operating
and maintenance efficiency. Operations should follow a natural
sequence. Depending on the space need, one controlling thermostat
closes a normally open heating valve, opens the outdoor air mixing
dampers, or opens the cooling valve. In certain applications, an
enthalpy controller, which compares the heat content of outdoor air
to that of return air, may override the temperature controller. This
control opens the outdoor air damper when conditions reduce the
refrigeration load. On smaller systems, a dry-bulb control saves the
cost of enthalpy control and approaches these savings when an opti-
mum changeover temperature, above the design dew point, is estab-
lished. Controls are discussed in more detail in Chapter 48 of the
2019 ASHRAE Handbook—HVAC Applications and in ASHRAE
Guideline 36.

Air-handling systems, especially variable-air-volume systems,
should include means to measure and control the amount of outdoor
air being brought in to ensure adequate ventilation for acceptable
indoor air quality. Strategies include the following:

 Separate constant-volume 100% outdoor air ventilation systems

« Outdoor air injection fan

« Directly measuring the outdoor air flow rate

« Modulating the return damper to maintain a constant pressure
drop across a fixed outdoor air orifice

« Airflow-measuring systems that measure both supply and return
air volumes and maintain a constant difference between them.
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* CO,- and/or VOC-based demand-controlled ventilation

A minimum outdoor air damper with separate motor, selected for
a velocity of 1500 fpm, is preferred to one large outdoor air damper
with minimum stops. A separate damper simplifies air balancing.
Proper selection of outdoor, relief, and return air dampers is critical
for efficient operation. Most dampers are grossly oversized and are,
in effect, unable to control. One way to solve this problem is to
provide maximum and minimum dampers. A high velocity across a
wide-open damper is essential to its providing effective control.

A mixed-air temperature control can reduce operating costs and
also reduce temperature swings from load variations in the condi-
tioned space. Chapter 48 of the 2019 ASHRAE Handbook—HVAC
Applications shows control diagrams for various arrangements of
central system equipment. Direct digital control (DDC) is common,
and most manufacturers offer either a standard or optional DDC
package for equipment, including air-handling units, terminal units,
etc. These controls offer considerable flexibility. DDC controls offer
the additional advantage of the ability to record actual energy con-
sumption or other operating parameters of various components of the
system, which can be useful for optimizing control strategies.

Constant-Volume Reheat. This system typically uses two sub-
systems for control: one controls the discharge air conditions from
the air-handling unit, and the other maintains the space conditions
by controlling the reheat coil.

Variable Air VVolume. Air volume can be controlled by duct-
mounted terminal units serving multiple air outlets in a control zone
or by units integral to each supply air outlet.

Pressure-independent volume-regulator units control flow in
response to the thermostat’s call for heating or cooling. The required
flow is maintained regardless of fluctuation of the VAV unit inlet or
system pressure. These units can be field- or factory-adjusted for
maximum and minimum (or shutoff) air settings. They operate at
inlet static pressures as low as 0.2 in. of water.

The type of controls available for VAV units varies with the ter-
minal device. Most use electronic controls. Components for both
control and regulation are usually contained in the terminal device.
As individual-zone VAV terminals begin to modulate closed, static
pressure in the supply air duct increases. To save energy, the AHU’s
supply air fan speed should be reset based on VAV box damper posi-
tion (i.e., the duct static pressure set point is reset lower until one
zone damper is nearly wide open). The preferred strategy is trim and
respond (Taylor 2015), in which pressure set point is reset slowly
and regularly until a zone requests that more pressure is required, in
which case the controller bumps the set point up a small amount.

Dual Duct. Because dual-duct systems are generally more costly
to install than single-duct systems, their use is less widespread.
DDC, with its ability to maintain set points and flow accurately, can
make dual-duct systems worthwhile for certain applications. They
should be seriously considered as alternatives to single-duct systems.

Personnel. The skill levels of personnel operating and maintain-
ing the air conditioning and controls should be considered. In large
research and development or industrial complexes, experienced per-
sonnel are available for maintenance. On small and sometimes even
large commercial installations, however, office managers are often
responsible, so designs must be in accordance with their capabilities.

Water System Interface. On large hydronic installations where
direct blending is used to maintain (or reset) the secondary-water
temperature, the system valves and coils must be accurately sized
for proper control. Many designers use variable flow for hydronic as
well as air systems, so the design must be compatible with the air
system to avoid operating problems.

Relief Fans. In many applications, relief or exhaust fans can be
started in response to a signal from the economizer control or to a
space pressure controller. The main supply fan must be able to han-
dle the return air pressure drop when the relief fan is not running.
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2.7 AUTOMATIC CONTROLS AND BUILDING
MANAGEMENT SYSTEMS

Central air-handling units increasingly come with prepackaged
and prewired automatic control systems. Controls may also be
accessible by the building manager using a modem to an off-site
computer. Larger building HVAC systems integrate manufactur-
ers’ control packages with the building management system
(BMS). If the project is an addition or major renovation of space,
prepackaged controls and their capabilities need to be compatible
with existing automatic controls. Chapter 41 of the 2019 ASHRAE
Handbook—HVAC Applications discusses computer applications,
and ASHRAE Standard 135 discusses interfacing building auto-
mation systems.

Automatic temperature controls can be important in establishing
a simple or complex control system, more so with all-air systems
than with air-and-water and all-water systems. Maintaining these
controls can be challenging to building management staff. With a
focus on energy management and indoor air quality, the building
management system can be an important business tool in achieving
sustainable facility management success.

Rather than having every consulting engineer write custom con-
trol sequences of operation for numerous similar air-handling unit
systems, those engineers are now encouraged to specify already-
vetted controls diagrams, control points lists, and sequences of
operation found in ASHRAE Guideline 36. This guideline was cre-
ated to publish and maintain optimized sequences for VAV air han-
dlers and VAV terminal units, including the trim and respond
sequence. Controls manufacturers are expected to preprogram those
sequences into their controllers and simply use the programming
directly, with only minimal project-specific configuration needed.

2.8 MAINTENANCE MANAGEMENT SYSTEM

Maintenance management for central air-handling units involves
many component and devices, with a varied lists of tasks (e.g., check
belts, lube fittings, replace filters, adjust dampers), and varied times
and frequencies, depending on components and devices (e.g., check
damper linkage monthly, change filters based on pressure drop).
Small installations may be best served by local service contractors, in
lieu of in-house personnel; larger installations may be best served
with in-house technicians. See Chapter 40 of the 2019 ASHRAE
Handbook—HVAC Applications for further discussion.

AHU location affects maintenance. Units located outdoors,
especially in climates with long, cold winters, may discourage or
impede routine or preventative maintenance. Unfavorable weather
can impair important unplanned repairs, such as a broken fan belt
during a snow storm. For units located on a building roof,
acceptable and safe access must be provided. Roof-mounted units
must be located at least 10 ft away from the roof edge.
Alternatively, if the air-handling equipment must be located closer
to the roof edge, a 42 in. high parapet or guard rail (designed not to
pass a 21 in. sphere) must be provided and needs to extend at least
30 in. beyond each end of the equipment.

Air-handling units located indoors require adequate access and
clearance for maintenance as well. Model codes require that any
room containing equipment be provided with an unobstructed pas-
sageway from the door to the equipment, measuring no less than
36 in. wide and 80 in. high, and a level working space at least 30 in.
deep and 30 in. wide must be provided in front of the control side for
servicing. Engineers and designers should insist on adequate
mechanical room service space and annotate the service aisles
clearly in their designs. In addition to the obvious need for mainte-
nance access, a clear, unobstructed path of egress out of the room is
necessary in the event of fire or other emergency.
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2.9 BUILDING SYSTEM COMMISSIONING

Prepackaged control systems use a different automatic control
checkout process than traditional control contractors. When com-
missioning a building system that integrates an independent (non-
Guideline 36) control system with individual packaged control sys-
tems, the process can be more cumbersome because both control
contractors need to participate. Air and water balancing for each all-
air system are also important. With the complexity of air systems
and numerous modes of operation (e.g., economizer cycle, mini-
mum outdoor air, smoke control mode), it is essential to adjust and
balance systems before system commissioning.

Ongoing commissioning or recommissioning should be integral
to maintaining each central air system. ASHRAE Guideline 0 and
Standard 202 should be applied. During the warranty phase, all-air
system performance should be measured and benchmarked to
ensure continuous system success. Retro- or recommissioning
should be considered whenever the facility is expanded or an addi-
tional connection made to the existing systems, to ensure the origi-
nal design intent is met.

When completing TAB and commissioning, consider posting
laminated system flow diagrams at or adjacent to the air-handling
unit, indicating operating instructions, TAB performance, commis-
sioning functional performance tests, and emergency shutoff proce-
dures. These documents also should be filed electronically in the
building manager’s computer server for quick reference.

Original basis of design and design criteria should be posted as a
constant reminder of design intent, and be readily available in case
troubleshooting, expansion, or modernization is needed.

For the HVAC design to succeed, commissioning should include
the system training requirements necessary for building manage-
ment staff to efficiently take ownership and operate and maintain the
HVAC systems over the service life of the installation.

Commissioning continues until the final commissioning report,
approximately one year after the construction phase has been com-
pleted and the warranty phase comes to an end.
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ERY early in the design process, the HVAC design engineer

must analyze and ultimately select appropriate systems, as dis-
cussed in Chapter 1. Next, production of heating and cooling is
selected as decentralized (see Chapter 2) or centralized (see Chapter
3). Finally, distribution of heating and cooling to the end-use space
can be done by an all-air system (see Chapter 4), or a variety of all-
water or air/water systems and local terminals, as discussed in this
chapter.

One option is using in-room terminal systems to provide heating
and/or cooling to individual zones. Terminal units include consoles,
fan-coils, blower coils, unit ventilators, chilled beams, and radiant
panels. Terminal systems add heat energy or absorb the heat in the
conditioned space served. The medium that transfers the heat either
from the space to the outdoors or from a heat source to the condi-
tioned spaces may be the same as used with nonterminal systems.
Typical uses of in-room terminal unit systems include hotels/motels,
apartments and multifamily dwellings, classrooms, and health care
facilities. In older office buildings, in-room terminal units were com-
monly used for perimeter rooms, combined with central air handlers
that served the interior spaces. Systems of this type are making a
comeback with the introduction of variable-refrigerant-flow (VRF)
equipment, combined with dedicated outdoor air systems (DOAS).
Historical preservation projects often use in-room terminal units to
minimize the space problems due to running ductwork in historical
structures.

1. SYSTEM CHARACTERISTICS

Terminal-unit systems can be designed to provide complete sen-
sible and latent cooling and heating to an end-use space; however,
most terminal systems are best used with a central ventilation sys-
tem providing pretreated air to the space. Heat can be provided by
hot water, steam, direct expansion (DX), or an electric heating coil.
Cooling can be provided by chilled-water or DX coils. Heat pumps
(discussed in Chapter 2) can be used, either with a piped water loop
(water-source) or air cooled. In-room terminals usually condition a
single space, but some (e.g., a large fan-coil unit) may serve several
spaces. In-room terminal systems can allow individual space con-
trol of heating or cooling during intermediate seasons; satisfying
the heating and cooling needs of various rooms on a single system.
A thermostat for each terminal unit provides individual zone tem-
perature control.

A terminal unit used with central ventilation provides the cool-
ing or heating necessary to handle only the sensible heat gain or loss
caused by the building envelope and occupancy. Ventilation, or

The preparation of this chapter is assigned to TC 9.1, Large Building Air-
Conditioning Systems.
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primary, air is delivered by a separate ducted system, either to the
terminal unit or ducted directly to the space, and should be pretreated
to handle the total latent load of the ventilation air, occupancy, and
the space, as well as the sensible load of the ventilation air.

Terminal units without central ventilation require additional
coil capacity to heat or cool and dehumidify the ventilation air
required for the end space. Terminal units are commonly small, with
minimal coil rows; therefore, providing this additional capacity is
often difficult. Care must be taken to minimize the risk of frozen
coils in the winter, and to have enough cooling capacity to not only
cool, but also dehumidify ventilation air in the summer. Terminal
units have very small fans, so ventilation air must be provided to the
unit from a central fan-powered source or supplied from a nearby
opening in the building skin, thereby limiting the location of termi-
nal units to the exterior wall of the building. Individual outdoor air
fans with filters are also an option.

Although a single in-room terminal unit can be applied to a single
room of a large building, this chapter covers applying multiple in-
room terminal units to form a complete air-conditioning system for
a building.

Advantages

Advantages of all in-room terminal unit systems include the fol-
lowing:

* The delivery system for the space heating and cooling needs (pip-
ing versus duct systems) requires less building space (a smaller
central fan room, or none, and little duct space)

« System has all the benefits of a central cooling and heating plant,
but allows local terminals to be shut off in unused areas

« Individual room temperature control allows each thermostat to be
adjusted for a different temperature

» Minimal cross contamination of recirculated air

 Because this system can heat with low-temperature water, it is par-
ticularly suitable for use with solar or low-temperature/high-
efficiency boilers or with heat recovery equipment

« Failure of a single in-room unit affects only the one room or area,
allowing other spaces to continue to operate

* Facilities personnel can remove and replace an in-room terminal
unit in hours, allowing them to install a spare and have the room
back in service quickly; units are comparatively inexpensive,
small, and light, so the owner has the option of stocking spare units
on the premises

» Maintenance procedures generally can be done by nonlicensed
HVAC personnel, allowing in-house crews to complete the tasks

* Controls for each unit are very simple

« Central control systems can be incorporated to control unit oper-
ation and space temperatures during unoccupied hours
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In-room terminal unit systems with central ventilation air have
these additional advantages:

« The central air-handling apparatus used for central ventilation air
is smaller than that of an all-air system because less air must be
conditioned at that location.

Space can be heated without operating the primary air system,
using just the in-room terminal units. Nighttime primary fan oper-
ation is avoided in an unoccupied building. Emergency power for
heating, if required, is much lower than for most all-air systems.
Dehumidification, filtration, and humidification of ventilation air
are performed in a central location remote from conditioned
spaces.

They allow using central heat recovery devices such as heat
wheels.

Ventilation air is positively supplied and can accommodate con-
stant recommended outdoor air quantities, regardless of the tem-
perature control of the room.

Use of central ventilation air with terminal units in some climates
can prevent the negative pressurization problems that occur when
occupants turn off in-room units.

Disadvantages

« For many buildings, in-room terminals are limited to perimeter
space; separate systems are required for other areas.

In-room terminal unit fans with very little, if any, ductwork can be
noisy. Many manufacturers have addressed this and provided
units that are acceptable in many situations.

Because of the individual space control, more controls are needed
than for many all-air systems.

The system is not appropriate for spaces with high exhaust
requirements (e.g., research laboratories) unless supplementary
ventilation air is provided.

Central dehumidification eliminates condensation on the secondary-
water heat transfer surface (see the section on Secondary-Water
Distribution) under maximum design latent load, but abnormal
moisture sources (e.g., open windows, cooking, people congre-
gating, a failed primary-air system) can cause annoying or dam-
aging condensation. Therefore, a condensate pan must be
provided as for other systems.

Primary-air supply usually is constant with no provision for shut-
off. This is a disadvantage in residential applications, where ten-
ants or hotel room guests may prefer to turn off the air
conditioning, or where management may desire to do so to reduce
operating expense; however, this can help to stabilize pressuriza-
tion of a building when exhaust fans are centrally controlled or in
constant operation.

Low chilled-water temperature and/or deep chilled-water coils
are needed at the central ventilation air unit to control space
humidity adequately. Low chilled-water temperatures can result
in excessive condensation occurring at terminal units, if chilled-
water valves are not used to shut off water flow through the ter-
minal unit when the terminal unit fan is off.

Low primary-air temperatures can require heavily insulated
ducts; however, using neutral air temperatures minimizes this
requirement and prevents overcooling of some spaces.

In-room terminal units without central ventilation air may result
in greater infiltration levels due to numerous penetrations of the
exterior of the building, which must be sealed adequately to pre-
vent air infiltration and water intrusion. This may be accentuated
in winter conditions, when wind pressures and stack effects
become more significant.

Adding necessary humidity in the winter is difficult.
Maintenance must be done within the occupied space, which may
disrupt space use.

Heating and Cooling Calculations

Basic calculations for airflow, temperatures, relative humidity,
loads, and psychrometrics are covered in Chapters 1, 17, and 18 of
the 2017 ASHRAE Handbook—Fundamentals. Use caution in
determining peak load conditions for each space served by a termi-
nal unit. Rather than depending on guidelines for typical lighting,
ventilation, infiltration, equipment, and occupancy levels, the
designer should try to get realistic values based on the particular
owner’s use plans for the facility. If the client has an existing or
similar facility, visiting it to understand the actual occupancy
hours, concentration of equipment, and occupancy should help avoid
unrealistic assumptions. Incorporating effects of planned energy-
saving features (e.g., daylighting; high-efficiency/low-heat-pro-
ducing lighting; shading apparatus for privacy, glare, or solar radi-
ant control; fan and outdoor air modulation; full-building energy
management control strategies) can prevent oversizing of terminal
units and resulting potential loss of humidity control. Determining
areas where the normal base load will be a small percentage of the
concentrated usage load and understanding the usage schedule for
the area can allow equipment selection and control strategies to
maximize energy savings and still provide excellent comfort con-
trol in both extremes. Energy standards may result in calculations
that differ from actual use.

For example, in a zone with a terminal unit sized for 7000 Btu/h
(common for offices), a simple change of four 100 W incandescent
light bulbs to compact fluorescents could reduce the space’s heat
load by about 18% of the unit’s capacity, or even more with LED. If
this is the consistent peak load of the space for future years, the ter-
minal unit is oversized. Unless a central ventilation pretreatment
system handles the entire latent load of the space and the outdoor air,
humidity control will be lost in the space. In many climate zones,
this may not be significant.

Integrated building design (IBD) techniques should be used to
ensure the building envelope provides adequate energy efficiency,
airtightness, and moisture penetration control to allow terminal
units to control the indoor environmental conditions without need
for excessive moisture control in each space. Close cooperation of
all parties during design is necessary to create an overall building
design that minimizes the required mechanical systems’ energy
consumption while achieving good indoor conditions. For details on
IBD, see Chapter 60 of the 2019 ASHRAE Handbook—HVAC
Applications.

Computer programs generally can model primary ventilation
systems as well as secondary in-room terminal systems. Most, how-
ever, do not allow the user to assign the room latent load as part of
the primary ventilation system capacity requirement. Therefore, the
designer needs to either manually determine final capacity require-
ments for both the primary and in-room units, or use overrides and
manual inputs to redistribute the loads within the computer program
after initial sensible and latent loads as well as block and peak con-
ditions have been determined.

The design refrigeration load is determined by considering the
entire portion or block of the building served by the air-and-water or
DX system at the same time. Because the load on the secondary-
water system depends on the simultaneous demand of all spaces, the
sum of the individual room or zone peaks is not considered, unless
individual DX systems are used.

Space Heating

Some in-room terminal units provide only heating to the end
space. Equipment such as cabinet or unit heaters, radiant panels, ra-
diant floors, and finned-tube radiators are designed for heating only.
Extreme care must be used with these systems if they are incor-
porated into a two-pipe changeover piping distribution system, or
any other system in which secondary water being piped is not
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consistently over 100°F. The heating coils in these units are not de-
signed to handle condensation, and there is no drain pipe in the unit.
If cold water is provided to these units, dripping condensation from
units, valves, or piping may damage building finishes or saturate the
insulation, leading to mold growth. Ball valves tied into the auto-
matic temperature control (ATC) system and/or aquastats should be
provided to prevent water at temperatures below space air dew point
from reaching heating-only terminal units.

Central (Primary-Air) Ventilation Systems

Generally, the supply air volume from the central apparatus is
constant and is called primary or ventilation air to distinguish it
from recirculated room air or secondary air. The quantity of pri-
mary air supplied to each space is determined by the amount of
outdoor air required by codes and other applicable guidelines for
ventilation. If in-room terminal units are heating-only units, then
the primary-air system must also provide the required sensible
cooling capacity at maximum room cooling load, unless cooling is
not required. The air may be from outdoors, or may be mixed out-
door and return air. During the cooling season, air is dehumidified
sufficiently in the central conditioning unit to maintain required
humidity conditions and to prevent condensation on the in-room
terminal unit cooling coil. (Both outdoor air and space latent loads
should be handled by the central unit.) Centrally supplied air can
be supplied at a low enough dew point to absorb moisture gener-
ated in the space, but as a minimum should be supplied at a con-
dition such that the room terminal unit has to remove only the
space-generated latent load (this is only appropriate with unit ven-
tilators with the capability to handle the latent space loads). In
winter, moisture can be added centrally to limit dryness.

As the primary air is dehumidified, it is also cooled. The air
should be cool enough when delivered to offset part of the room sen-
sible loads without overcooling the spaces. If the necessary amount
of cooling (i.e., that needed to dehumidify primary air to handle all
of the space and outdoor air latent loads) is likely to overcool the end
spaces, the primary air should be adjusted to avoid overcooling. A
heating coil may be required as a preheater in areas with freezing
weather. Alternatively, heating can occur at the terminal units,
where only a minimal number of spaces might be overcooled due to
outdoor air conditions.

When outdoor air is introduced from a central ventilation sys-
tem, it may be connected to the inlet plenum of some in-room ter-
minal units (fan-coils, unit ventilators, active chilled beams, or
induction units), or introduced directly into the space. If intro-
duced directly, ensure that this air is pretreated, dehumidified,
and held at a temperature approximately equal to room tempera-
ture so as not to cause occupant discomfort when the space unit is
off. Caution should always be used to prevent overcooling or loss
of humidity control from ventilation air, which can lead to con-
densation problems on surfaces as well as discomfort for occu-
pants.

In the ideal in-room terminal unit design, the cooling coil is
always dry, greatly extending terminal unit life and eliminating
odors and the possibility of bacterial growth in the unit in the occu-
pied space, as well as limiting condensation issues in the spaces. In
this case, in-room terminals may be replaced by radiant panels (see
Chapter 6) or chilled beams and panels, as the primary air controls
the space humidity. Therefore, the moisture content of primary air
must be low enough to offset the room’s latent heat gain and to
maintain a room dew point low enough to preclude condensation on
the secondary cooling surface.

Even though some systems operate successfully with little or no
condensate, a condensate drain is recommended. In systems that shut
down during off hours, start-up load may include a considerable
dehumidification load, producing moisture to be drained away. In
climates with elevated outdoor air dew points during space-cooling
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periods, piped condensate removal systems that can be maintained
regularly should always be included.

Central Plant Sizing

Central equipment size is based on the block load of the entire
building at the time of the building peak load, not on the sum of indi-
vidual in-room terminal unit peak loads. Cooling load should include
appropriate diversity factors for lighting and occupant loads. Heating
load is based on maintaining the unoccupied building (where there is
not continuous occupancy) at design temperature, plus an additional
allowance for pickup capacity if the building temperature is set back
at night. For additional information, see Chapter 3.

If water supply temperatures or quantities are to be reset at times
other than at peak load, the adjusted settings must be adequate for
the most heavily loaded space in the building. Analysis of individual
room load variations is required.

If the side of the building exposed to the sun or interior zone loads
requires chilled water in cold weather, consider using condenser
water with a water-to-water heat exchanger, a four-pipe system, or
other water economizer methods. Varying refrigeration loads require
the water chiller to operate satisfactorily under all conditions, but ver-
ify accordance with local energy laws for allowable operation.

Building Pressurization

As withany HVAC system, the amount of ventilation air required
depends on the number of occupants in the space as well as other
factors (see ASHRAE Standard 62.1). The rate of airflow per per-
son or per unit area is also usually dictated by state codes, based on
activity in the space and contaminant loads. If the amount of venti-
lation air required is considerable (i.e., 10% or more of a space’s
total supply air volume), the designer needs to consider how the
excess air will move out of the space and the building. Means of pre-
venting overpressurization may have to be provided, depending on
building tightness, amount of exhaust, and other considerations.
Additionally, the designer should consider heat recovery for the
rejected air.

First, Operating, and Maintenance Costs

As with all systems, the initial cost of an in-room terminal sys-
tem varies widely, depending on location, local economy, and con-
tractor preference (even for identical systems). For example, a
through-wall unit ventilator system is less expensive than fan-coil
units with a central ventilation system, because it does not require
extensive ductwork distribution. The operating cost depends on the
system selected, the designer’s skill in selecting and correctly sizing
components, and efficiency of the duct and piping systems. A ter-
minal unit design without a central ventilation system is often one of
the less expensive systems to install, but in most situations will not
operate without some condensation and humidity issues.

Because in-room terminal equipment is in each occupied space,
maintenance may be more time consuming, depending on the size
and use of the facility. The equipment and components are less com-
plex than other equipment. A common method of repairing in-room
terminal units is to simply disconnect and replace a nonfunctioning
unit, minimizing the time spent in the occupied space. The nonfunc-
tioning unit can then be repaired in a workshop and used as a spare.
The number of individual units is much greater than in many sys-
tems, therefore increasing the number of control valves. If a build-
ing automation system (BAS) is used, the number of control points
is increased as well, which raises the first cost and maintenance
costs of the controls.

Energy

The engineer’s early involvement in design of any facility can
considerably reduce the building’s energy consumption; collabora-
tion between the architect and engineer allows optimization of
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energy conservation measures, including the building envelope, as
well as selection of an HVAC system that is energy efficient with
minimal operational costs. In practice, however, a system might be
selected based on low first cost or to perform a particular task. In
general, terminal units can save energy if the BAS controls opera-
tion of the units and can deenergize them if the space is unoccupied.
This adds significant cost to the control system, but can save on
operational costs. If a central ventilation system is used, energy
recovery in the air handler should be considered to minimize oper-
ation costs.

The choice of two- or four-pipe piping system and the design of
the piping system is another energy-impacting decision. Pumping
horsepower, insulation to control heat losses, and the number of
yearly changeovers all affect the appropriateness and available
energy savings of each type of piping system.

Life-Cycle Costs

Life-cycle costs include the first, operational, maintenance, and
replacement costs over a predetermined length of time. With an in-
room terminal system, a major portion of the cost of the system is
the insulated piping infrastructure needed to provide the primary
and secondary equipment with water (or refrigerant). When prop-
erly selected, installed, and maintained, these components have a
very long expected life. The in-room terminal units are generally of
simple design and complexity and can be readily repaired. As a gen-
eral rule, the less condensate that occurs at the in-room units, the
longer their life span. Selection of good-quality central ventilation
equipment can result in quite lengthy life spans for these units.
Operational concerns that affect costs are discussed throughout this
chapter. Consult Chapter 38 of the 2019 ASHRAE Handbook—
HVAC Applications for more information on equipment life expec-
tancies and predicting maintenance costs.

2. SYSTEM COMPONENTS AND
CONFIGURATIONS

Components

Terminal units have common components; mainly, a fan, coil(s),
filter, dampers, and controls (although some units only have coils
and controls).

Damper. If a terminal unit is providing ventilation air through
the envelope of the building, a damper is needed to stop airflow
when the room is at unoccupied status. Because in-room terminal
units often have a ducted primary- or central ventilation air system,
a damper on the primary system duct allows airflow to be balanced.
Many less expensive in-room terminal units have manual dampers
rather than automatic. Regardless of whether dampers are manually
operated or automatic, pressurization problems can occur because
of damper position compared with exhaust fan operation and pri-
mary air system operation, so the designer needs to carefully coor-
dinate how building pressurization is controlled and maintained.

Filtration. Filtration capabilities with in-room terminals are
generally minimal. The cabinet and component assembly often
provide very little ability to improve the filtration capability,
although fan-coil-style terminal units commonly can handle better
filtration. Manufacturer-supplied filters are often either washable
or throwaway filters. Some manufacturers provide an option for a
higher-quality pleated-style filter to be used, but their recommen-
dations for motor selection should be obeyed. Maintenance instruc-
tions for washable filters should be carefully followed, to avoid
filter impaction and reduced airflow; good filter maintenance
improves sanitation and provides full airflow, ensuring full-capac-
ity delivery. In most areas, ASHRAE Standard 62.1 now requires
filtration of MERYV 8 or higher.

Heating and Cooling Coils. Coils in terminal units are usually
available in one-, two-, three-, and sometimes four-row coils for cool-
ing, and one- or two-row coils for heating. In units with untreated

outdoor air, selecting coil and fin materials and coatings for longer
life expectancy should be carefully considered (see Chapter 23).
Only the building envelope and internal space heating and cooling
loads need to be handled by in-room terminal units when outdoor air
is adequately pretreated by a central system to a neutral air tempera-
ture of about 70°F. This pretreatment should reduce the size and cost
of the terminal units. All loads must be considered in unit selection
when outdoor air is introduced directly through building apertures
into the terminal unit, as is sometimes done with unit ventilators. For
cold climates, coil freeze protection must be considered.

Fan. Terminal units typically are not complex. Most modern
units have ECM motors, a variable-speed drive (VSD), or other
speed control on the fan.

Duct Distribution. Terminal units work best without extensive
ductwork. With ducts, static pressure on the fan (instead of the coil
capacity) may be the determining factor for sizing the terminal
units, because multiple fan selections are not normally available.

Automatic Controls. Most terminal units are controlled with a
standard electronic thermostat, either provided by the manufacturer
or packaged by the automatic temperature controls (ATC) contrac-
tor. Thermostats capable of seven-day programming and night set-
back can improve energy savings where space usage is predictable
enough to allow consistent programs. Terminal units can be incor-
porated into a BAS, but the cost to do so may be prohibitive, depend-
ing on the number of terminal units in the building. The potential
operational cost savings, especially in facilities where a significant
percentage of areas are often unoccupied, should be evaluated
against the first-cost consideration.

Capacity Control. Terminal unit capacity is usually controlled
by coil water or refrigerant flow, fan speed, or both. Water flow can
be thermostatically controlled by return air temperature or a wall
thermostat and two- or three-way valve. Unit controls may be a self-
contained direct digital microprocessor, line voltage or low-voltage
electric, or pneumatic. Fan speed control may be automatic or man-
ual; automatic control is usually on/off, with manual speed selection.
Room thermostats are preferred where automatic fan speed control is
used. Return air thermostats do not give a reliable index of room tem-
perature when the fan is off or when outdoor air is introduced nearby.
Residential fan-coil units may have manual three-speed fan control,
with water temperature (both heating and cooling) scheduled based
on outdoor temperature. On/off fan control can be poor because
(1) alternating shifts in fan noise level are more obvious than the
sound of a constantly running fan, and (2) air circulation patterns in
the room are noticeably affected. However, during cooling cycles,
constant fan operation results in higher relative humidity levels than
fan cycling, unless all latent load is handled by a primary central ven-
tilation system.

For systems without primary central ventilation, summer room
humidity levels tend to be relatively high, particularly if modulating
chilled-water control valves are used for room temperature control.
Alternatives are two-position control with variable-speed fans
(chilled water is either on or off, and airflow is varied to maintain
room temperature) and the bypass unit variable chilled-water tem-
perature control (chilled-water flow is constant, and face and bypass
dampers are modulated to control room temperature).

The designer must be careful to understand the unit’s operating
conditions for the vast majority of the operation hours, and how the
unit will actually perform at those times. Many manufacturers publish
sensible and latent capacity information that is developed from testing
at a single set of conditions (generally the AHRI standard condition),
then use computer modeling or extrapolation rather than actual test-
ing to determine operation capacities at other conditions. In most sit-
uations, the unit’s actual operation for the vast majority of time is at
conditions other than the rating condition. Additionally, control
choices for water flow or airflow may create conditions different from
those used by the manufacturer to determine the published operation
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capacities. Because peak conditions are often used to select coils but
in most applications only occur a small percentage of the time, over-
sizing of coils and loss of humidity control become common if these
issues are not carefully thought through during design and selection
of the equipment.

Configurations

Terminal units are available in many different configurations;
however, not all configurations are available for all types of terminal
units. The designer should evaluate the air pathways of the specific
units being considered, because some allow raw outdoor air to
bypass the filter and/or the coils. Additionally, on some unit ventila-
tors with face and bypass, the raw outdoor air is allowed to stratify in
the bypass section, again bypassing the coils. Depending on climate
conditions and filtration requirements, these configurations may not
be appropriate.

Low-profile vertical units are available for use under windows
with low sills; however, in some cases, the low silhouette is achieved
by compromising features such as filter area, motor serviceability,
and cabinet style.

Floor-to-ceiling, chase-enclosed units are available in which the
water and condensate drain risers are part of the factory-furnished
unit. Stacking units with integral prefabricated risers directly one
above the other can substantially reduce field labor for installation,
an important cost factor. These units are used extensively in hotels
and other residential buildings. For units serving multiple rooms
(single-occupancy suite-type spaces), the supply and return air
paths must be isolated from each other to prevent air and sound
interchange between rooms.

Perimeter-located units give better results in climates or build-
ings with high heating requirements. Heating is enhanced by under-
window or exterior wall locations. Vertical units with finned risers
can operate as convectors with the fans turned off during night set-
back, and overheating can become an issue.

Horizontal overhead units may be fitted with ductwork on the
discharge to supply several outlets. A single unit may serve several
rooms (e.g., in an apartment house where individual room control is
not essential and a common air return is feasible). Units must have
larger fan motors designed to handle the higher static pressure resis-
tance of the connected ductwork.

Horizontal models conserve floor space and usually cost less, but
when located in furred ceilings, they can create problems such as
condensate collection and disposal, mixing return air from other
rooms, leaky pans damaging ceilings, and difficult access for filter
and component removal. In addition, possible condensate leakage
may present air quality concerns.

Other sections in this chapter discuss specific configurations for
the type of unit, and indicate additional chapters in the volume that
provide diagrams and additional information.

3. SECONDARY-WATER DISTRIBUTION

The secondary-water system includes the part of the water distri-
bution system that circulates water to room terminal units when the
water has been cooled or heated either by extraction from or heat
exchange with another source in the primary circuit. In the primary
circuit, water is cooled by flow through a chiller or is heated by a
heat input source. Water flow through the in-room terminal unit coil
performs secondary cooling or heating when the room air (second-
ary air) gives up or gains heat. Secondary-water system design dif-
fers for two- and four-pipe systems. Secondary-water systems are
discussed in Chapter 13.

4. PIPING ARRANGEMENTS

For terminal units requiring chilled and/or hot water, the piping
arrangement determines the performance characteristics, ease of
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operation, and initial cost of the system. Each piping arrangement is
briefly discussed here; for further details, see Chapter 13.

Four-Pipe Distribution

Four-pipe distribution of secondary water has dedicated supply
and return pipes for chilled and hot water. The four-pipe system
generally has a high initial cost compared to a two-pipe system but
has the best system performance. It provides (1) all-season avail-
ability of heating and cooling at each unit, (2) no summer/winter
changeover requirement, (3) simpler operation, and (4) hot-water
heating that uses any heating fuel, heat recovery, or solar heat. In
addition, it can be controlled at the terminal unit to maintain a dead
band between heating and cooling so simultaneous heating and
cooling cannot occur.

Two-Pipe Distribution

Two-Pipe Changeover Without Central Ventilation. In this
system, either hot or cold water is supplied through the same piping.
The terminal unit has a single coil. The simplest system with the
lowest initial cost is the two-pipe changeover with (1) outdoor air
introduced through building apertures, (2) manual three-speed fan
control, and (3) hot- and cold-water temperatures scheduled by out-
door temperatures. The changeover temperature is set at some pre-
determined set point. If a thermostat is used to control water flow, it
must reverse its action depending on whether hot or cold water is
available.

The two-pipe system cannot simultaneously provide heating and
cooling, which may be required during intermediate seasons when
some rooms need cooling and others need heat. This characteristic
can be especially troublesome if a single piping zone supplies the
entire building, but may be partly overcome by dividing the piping
into zones based on solar exposure. Then each zone may be oper-
ated to heat or cool, independent of the others. However, one room
may still require cooling while another room on the same solar
exposure requires heating, particularly if the building is partially
shaded by an adjacent building or tree.

Another system characteristic is the possible need for frequent
changeover from heating to cooling, which complicates operation
and increases energy consumption to the degree that it may become
impractical. For example, two-pipe changeover system hydraulics
must consider the water expansion (and relief) that occurs during
cycling from cooling to heating.

Caution must be used when this system is applied to spaces with
widely varying internal loads, and outdoor air is introduced through
the terminal unit instead of through a central ventilation system.
Continuous introduction of outdoor air when the load is reduced
often results in sporadically unconditioned outdoor air, which can
cause high space humidity levels, unless additional separate dehu-
midification or reheat is used. The outdoor air damper in the unit
must be motor-operated so it can be closed during unoccupied peri-
ods when minimal conditioning is required.

The designer should consider the disadvantages of the two-pipe
system carefully; many installations of this type waste energy and
have been unsatisfactory in climates where frequent changeover is
required, and where interior loads require cooling and exterior
spaces simultaneously require heat. Most energy codes are difficult
to meet with this system.

Two-Pipe Changeover with Partial Electric Strip Heat. This
arrangement provides heating in intermediate seasons by using a
small electric strip heater in the terminal unit. The unit can handle
heating requirements in mild weather, typically down to 40°F, while
continuing to circulate chilled water to handle any cooling require-
ments. When the outdoor temperature drops sufficiently to require
heating beyond the electric strip heater capacity, the water system
must be changed over to hot water. Most energy codes do not allow
electric heating.
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Two-Pipe Nonchangeover with Full Electric Strip Heat. This
system may not be recommended for energy conservation, but it
may be practical in areas with a small heating requirement or in
other situations where life-cycle costs support this choice. Many
energy codes will not allow this system unless energy analysis can
prove compliance by life-cycle analysis.

Three-Pipe Distribution

Three-pipe distribution uses separate hot- and cold-water supply
pipes. A common return pipe carries both hot and cold water back to
the central plant. The terminal unit control introduces hot or cold
water to the common unit coil based on the need for heating or cool-
ing. This type of distribution is not recommended because of its
energy inefficiency from constantly reheating and recooling water,
and it does not comply with most recognized energy codes. Further,
modern chillers and boilers cannot survive with the resultant
changeover water temperatures.

Condenser Water Systems with Heat Pump
Terminal Units

Condenser water systems are very similar to the two-pipe change-
over with partial electric strip heat. The supply and return pipes carry
water at more moderate temperatures than those of typical chilled or
hot water. The heat pumps use the water as a heat source for heating
and as a heat sink in cooling mode, allowing various in-room heat
pumps to meet room needs during intermediate seasons. If additional
heat is needed in a room, a small electric strip heater in the terminal
unit can provide it, though this should be avoided for energy reasons.
When the outdoor temperature drops sufficiently to require addi-
tional heating capacity, the water system must be changed over to hot
water. Chapters 9, 14, and 48 contain additional information about
condenser water piping systems and heat pumps.

5. FAN-COIL UNIT AND UNIT VENTILATOR
SYSTEMS

Fan-coil units and unit ventilator systems are similar; their com-
mon traits and differences are discussed here. Both (1) can provide
cooling as well as heating, (2) normally move air by forced convec-
tion through the conditioned space or fan-powered flow, (3) filter
circulating air, and (4) may introduce outdoor ventilation air. Fan-
coilsare available in various configurations to fit under windowsills,
above furred ceilings, in vertical pilasters built into walls, etc.,
whereas unit ventilators are available in three main configurations:
floor-mounted below a window, horizontal overhead with ducted
supply and return, and stacking vertical units. Fan-coils are often
used in applications where ventilation requirements are minimal.
Unit ventilators are similar, except that unit ventilators are designed
to provide up to 100% outdoor air to the space.

Basic elements of both fan-coils and unit ventilators are a
finned-tube heating/cooling coil, filter, and fan section (Eigure 1).
Unit ventilators can include a face-and-bypass damper. The fan
recirculates air from the space through the coil, which contains
either hot or chilled water or refrigerant. The unit may contain an
additional electric resistance, steam, or hot-water heating coil,
though these may be regulated by energy codes. The electric heater
is often sized for fall and spring to avoid changeover problems in
two-pipe systems; it may also provide reheat for humidity control.
Due to comfort requirements and equipment capabilities, two-pipe
systems are seldom used for new construction. A cleanable or
replaceable moderate-efficiency filter upstream of the fan helps
prevent clogging of the coil with dirt or lint entrained in recircu-
lated air. It also helps protect the motor and fan, and can reduce the
level of airborne contaminants in the conditioned space. Further,
much higher filter efficiencies are recommended by ASHRAE
standards and many energy codes. The fan and motor assembly is

arranged for quick removal for servicing. The units generally are
also equipped with an insulated drain pan.

Most manufacturers furnish units with cooling performance
certified as meeting Air-Conditioning, Heating, and Refrigera-
tion Institute (AHRI) standards. Unit prototypes have been tested
and labeled by Underwriters Laboratories (UL) or Engineering
Testing Laboratories (ETL), as required by some codes. Require-
ments for testing and standard rating of room fan-coils with air-
delivery capacities of 1500 cfm or below are described in AHRI
Standard 440 and ASHRAE Standard 79. Requirements for test-
ing and standard rating of room unit ventilators with air delivery
capacities of 3000 cfm or below are described in AHRI Standard
840.

For the U.S. market, fan-coil units are generally available in
nominal sizes of 200, 300, 400, 600, 800, 1200, 1600, and
2000 cfm, and unit ventilators in nominal sizes of 750, 1000, 1500,
and 2000 cfm. Both types of units can often be purchased with mul-
tispeed, high-efficiency fan motors.

Types and Location

Floor-mounted units have various ventilation air ductwork con-
nections, including from the back or a ducted collar on the top of the
cabinet. Ceiling-mounted and stacking units can be mounted com-
pletely exposed, partially exposed in a soffit, fully recessed, or con-
cealed. Ventilation air connections can be made in the back or top of
the unit, as well as the side in some cases.

For existing building retrofit, it may be easier to install piping,
outdoor air, and wiring for a terminal unit system than the large
ductwork required for an all-air system. Common fan-coil system
applications are hotels, motels, apartment buildings, and small
office buildings and retail spaces. Fan-coil systems are used in many
hospitals, but they are less desirable because of the low-efficiency
filtration and difficulty in maintaining adequate cleanliness in the
unit and enclosure. In addition, limits set by the American Institute
of Architects’ Guidelines for Design and Construction of Hospital
and Health Care Facilities (AlA 2001) do not allow air recirculation
in certain types of hospital spaces.

Unit ventilator systems are most frequently used in classrooms,
which need a high percentage of outdoor air for proper ventilation.
Unit ventilators are often located under a window along the perim-
eter wall. They are available in a two-pipe configuration with
changeover, two-pipe with electric heating, four-pipe, or with heat-
ing and DX coils for spaces (e.g., computer rooms) that may require
year-round cooling. Limited ductwork may be allowed, allowing for
higher and often exposed ceiling systems. DX heat pump unit ven-
tilators may be used in areas with wide variations in daily loads,
such as deserts and areas near oceans. These units can often be mis-
used as shelving in classroom; books and paperwork may be stacked

FAN-SPEED CONTROL SWITCH \
\ DISCHARGE AIR OPENING

P 1 COIL —

[ CONNECTIONS o
H——— = s
| FINNED-TUBE COILS ! v
I 1 WATER ko, " -
4 =+ CONTROL o 7
VALVES | N
I I I I | FaN SCROLLS—\J I
I FAN | FEa 1! FAN I e |
:SCROLLS:"1MOTORJI":SCROLL8: ? N
b A
_SIooTT FMTER_ oo Moo
-l
RETURN AIR OPENING | \>

AUXILIARY CONDENSATE PAN FILTER

Unit ventilators use same/or similar components; see Chapter 28 for unit
ventilator configurations.

Fig. 1 Typical Fan-Coil Unit



In-Room Terminal Systems

on top of them, impeding airflow to the space. Also, ventilation air
intake louvers can become choked by vegetation if they are not
properly maintained. In addition, because the fans are sized to
accommodate 100% ventilation air, they are typically noisier than
fan-coils, although recent developments have led to new units that
are much quieter.

For existing building retrofit, it is easiest to replace unit ventila-
tors in kind. If a building did not originally use unit ventilators,
installing multiple ventilation air intake louvers to accommodate the
unit ventilators may be cost prohibitive. Likewise, installing a dif-
ferent type of system in a building originally fitted with unit venti-
lators requires bricking up intake louvers and installing exposed
ductwork (if there is no ceiling plenum) or creating a ceiling space
in which to run ductwork. Unit ventilators are best applied where
individual space temperature control with large amounts of ventila-
tion air is needed.

Ventilation Air Requirements

Fan-coil and unit ventilators often receive ventilation air from a
penetration in the outer wall or from a central air handler. Units that
have outdoor air ducted to them from an aperture in the building
envelope are not suitable for tall buildings because constant changes
in wind pressure cause variations in the amount of outdoor air
admitted. In this situation, ventilation rates can also be affected by
stack effect, wind direction, and speed. Also, freeze protection may
be required in cold climates, because preheating outdoor air is not
possible. Historically, fan-coils have often been used in residential
construction because of their simple operation and low first cost,
and because residential rooms were often ventilated by opening
windows or by outer wall apertures rather than a central system.
Operable windows can cause imbalances with a ducted ventilation
air system; current standards have moved toward requiring specific
ventilation airflow control in residences, therefore minimizing the
ability to use noncentralized ventilation systems, even in residential
applications. In many cases, ventilation can be controlled by using
an outdoor air fan with a high-efficiency filter.

Unlike fan-coils, unit ventilators can provide the entire volume
of ventilation air that is required in many applications. The heating/
cooling coils in unit ventilators therefore differ considerably from
fan-coils. Coils in unit ventilators are much deeper, because the unit
ventilator needs to be able to heat, cool, and dehumidify up to 100%
ventilation air. Coil selection must be based on the temperature of
the entering mixture of primary and recirculated air, and air leaving
the coil must satisfy the room’s sensible and latent cooling and heat-
ing requirements. If variable occupancy levels regularly occur
during system operation hours, such as often occurs with class-
rooms, sizing a single unit for the fully occupied outdoor air require-
ment could result in oversized cooling capacity during many hours
of operating time. This could result in loss of humidity control. For
variable-occupancy applications, demand control ventilation or pre-
treated outdoor air is recommended.

Selection

Some designers select fan-coil units and unit ventilators for
nominal cooling at medium speed when a three-speed control
switch is provided, to enable quieter operation in the space and add
a safety factor (sensible capacity can be increased by operating at
high speed). Sound power ratings are available from many manu-
facturers.

If using a horizontal overhead unit with ducted supply and return,
fan capacity may be the factor that decides the unit’s size, not the
coil’s capacity. Static pressure as little as 0.3 in. of water can signifi-
cantly affect fan air volume and unit capacity.

If the unit is selected to provide full capacity at medium speed, the
unit must also be able to handle the full volume of required ventilation
air at that airflow, which is not an issue when using a supplemental
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outdoor air fan and filter. If cooling loads vary more than 20% during
operation hours, it is highly likely this selection could result in over-
sized capacity operation and loss of humidity control. Current fan
motor speed control options, such as electronically commutated
motors (ECMs), and units designed to operate more quietly allow unit
selection for the fan’s full-speed total capacity, and minimize the
chance of oversizing.

Wiring

Fan-coil and unit ventilator blower fans are driven by small
motors. Fan-coil motors are generally shaded pole or capacitor start
with inherent overload protection. Operating wattage of even the
largest sizes rarely exceeds 300 W at high speed. Running current
rarely exceeds 2.5 A. Unit ventilator motors are typically 1/2 hp or
less. Operating power of even the largest sizes rarely exceeds 400 W
at high speed. Almost all motors on units in the United States are
120 V, single-phase, 60 Hz current.

In planning the wiring circuit, follow all required codes. The pre-
ferred wiring method generally provides separate electrical circuits
for fan-coil or unit ventilator units and does not connect them into
the lighting circuit, or other power circuits. Separate wiring connec-
tions may be needed for condensate pumps.

Condensate

Even when outdoor air is pretreated, a condensate removal sys-
tem must be installed for fan-coil units and unit ventilators. Drain
pans should be integral for all units. For floor-mounted units along
the perimeter of the building, condensate piping may run from the
drain pan to the exterior grade, depending on the authorities having
jurisdiction. Where drainage by gravity will not be sufficient, pro-
vide condensate pumps. Condensate drain lines should be properly
sized and maintained to avoid clogging with dirt and other materi-
als. Where approved and safe, use of plastic piping provides a safer
drainage system with reduced clogging. Condensation may occur
on the outside of drain piping, which requires that these pipes be
insulated. Many building codes have outlawed systems without con-
densate drain piping because of the potential damage and possibility
of mold growth in stagnant water accumulated in the drain pan.

Capacity Control

Fan-coil and unit ventilator capacity is usually controlled by coil
water or refrigerant flow, fan speed, or a combination of these. In
addition, unit ventilators often are available with a face-and-bypass
damper, which allows for another form of capacity control. For
additional information, see the discussion on capacity control in the
section on System Components and Configurations.

Maintenance

Fan-coil and unit ventilator systems require more maintenance
than central all-air systems, and the work must be done in occupied
areas. Units operating at low dew points require regular (multiple
times per year) cleaning and flushing of condensate pans and drains
to prevent overflow and microbial build-up. Coils should be cleaned
at least once a year, and more often when they consistently are
removing moisture. The physical restraints of in-room terminal
units located high in rooms or concealed in ceilings, soffits, etc., can
create challenges for proper coil cleaning. Water valves, controls,
and dampers should also be checked yearly for proper calibration,
operation, and needed repairs.

Filters are small and low- to medium-efficiency, and require fre-
quent changing to maintain air volume. Cleaning frequency varies
with the application. Units in apartments, hotels, and hospitals
usually require more frequent filter service because of lint. Unit
motors may require periodic lubrication. Motor failures are not
common, but when they occur, the entire fan can be quickly
replaced with minimal interruption in the conditioned space. More
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specialized motors with speed control devices may take several
days to get a replacement, so large facilities should stock several
spares for quick replacement to avoid significant down time for the
unit. Chapters 20 and 28 provide more information on fan-coils
and unit ventilators, respectively.

6. VARIABLE-REFRIGERANT-FLOW (VRF)
UNITS

Technological advances in compressor design and control as
well as use of electronically controlled expansion valves have
allowed design of DX systems in which a single compressor unit
provides refrigerant to multiple in-room terminal units. These types
of systems are commonly called variable-refrigerant-flow (VRF)
systems. Configuration of in-room units is similar to fan-coils, but
uses a DX coil instead of water.

In these systems, refrigerant piping to terminal units is also
called primary piping, and the compressor unit can often be more
than 100 ft from the in-room terminal units.

To allow heating to occur in one space while cooling occurs in
an adjacent space, heat pump/heat recovery condensing units must
be used and a set of three refrigerant pipes (suction, liquid, and hot
gas) must be piped out into the building to the in-room terminal
units, or two pipes to terminal units, which then distribute to three
pipes. A reversing valve must be provided for each of the in-room
terminal units, to allow them to use either liquid refrigerant to
cool, or hot gas to heat. The specifics of long-run refrigerant pip-
ing are discussed further in Chapter 1 of the 2018 ASHRAE Hand-
book—Refrigeration, and most manufacturers of these type of
systems have very specific installation instructions that must be
followed. As with any system that runs refrigerant piping through
occupied areas of a building, ASHRAE Standard 15 must be com-
plied with, as well.

VREF systems are discussed in more detail in Chapter 18.

7. CHILLED-BEAM SYSTEMS

Chilled beams are an evolution of chilled ceiling panels. Reports
of energy savings over variable-air-volume (VAV) systems, especially
in spaces with high concentrations of sensible loads (e.g., laborato-
ries), have been touted in Europe and Australia. Applications such as
health care, data centers, and some office areas may be well suited to
chilled-beam systems.

Two types of chilled beams, passive and active, are in use (Eigure
2). Passive chilled beams consist of a chilled-water coil mounted
inside a cabinet. Chilled water is piped to the convective coil at
between 58 and 60°F. Passive beams use convection currents to cool
the space. As air that has been cooled by the beam’s chilled-water
coil falls into the space, warmer air is displaced, rises into the coil,
and is cooled. Passive beams can provide approximately 400 Btu/ft
and, to ensure proper dehumidification and effective ventilation to
the spaces, require a separate ventilation system to provide tem-
pered, dehumidified air. Heat can be provided by finned-tube radi-
ation along the space perimeter. Overcooling must be avoided
during cooling seasons, to prevent discomfort, condensation, and
microbial growth in spaces. Active chilled beams can provide up to
approximately 800 Btu/ft. They operate with induction nozzles that
entrain room air and mix it with the primary or ventilation air that is
ducted to the beam. Chilled water is piped to the coil at between 55
and 60°F. Primary air should be ducted to the beam at 55°F or lower
to provide proper dehumidification. The primary air is then mixed
with induced room air at a ratio of 1:2. For example, 50 cfm of pri-
mary air at 55°F may be mixed with 100 cfm of recirculated room
air, and the active beam would distribute 150 cfm at around 65°F. If
the low-temperature primary air alone will overcool spaces during
any time of the year, there must be provision for reheat. Active
beams can have either a two- or four-pipe distribution system. The

two-pipe system may be cooling only or two-pipe changeover.
Active beams can be designed to heat and cool the occupied space,
but finned-tube radiation is still commonly used to provide heating
in a space that is cooled with active beams.

Both active and passive beams are designed to operate dry, with-
out condensate. In some models of active beams, a drain pan may be
available if the coil is in a vertical configuration. Horizontal coils in
passive beams cannot have drain pans, because the area directly
below the coil is needed to allow the air in the convection current to
circulate. Chilled beams can be used in various applications; how-
ever, they are best used in applications with high sensible loads,
such as laboratory spaces with high internal heat gains. See manu-
facturers’ information for beam cooling capacities at various water
temperatures and flow rates. Several manufacturers have design
guides available on the Internet.

The latest generation of chilled beams is multiservice: they can
be either passive or active, and combine building operations such as
lighting, security sensors, motion detectors, sprinkler systems,
smoke detectors, intercoms, and power or fiber-optic distribution
with the chilled beam. Proper implementation requires extensive
integrated building design.

Types and Location

Passive beams are available in sections up to 10 ft long and 18 to
24 in. wide. They can be located above the ceiling with perforated
panels below it, mounted into the frame of an acoustical tile ceiling,
or mounted in the conditioned space. The perforated panels must
have a minimum 50% free area and extend beyond either side of the
beam for usually half of the unit’s width, so the convection current
is not hindered. Also, care must be taken to not locate passive beams
too close to window treatments, which can also hinder air move-
ment around the beam.

Active beams are available in sections up to 10 ft long and 12 to
24 in. wide. They can be mounted into the frame of an acoustical tile
ceiling or in the conditioned space.

Ventilation Air Requirements

Passive beams require a separate ventilation system to provide
tempered and dehumidified air to the space. The ventilation air
should be ducted to low-wall diffusers or in an underfloor distribu-
tion system so that the ventilation air does not disturb the convection
currents in the conditioned space. Ventilation air can be ducted
directly into the active beams. If more ventilation air is needed to
meet the space requirements, the volume of air can be split by the
active beams and high-induction diffusers. Care must be taken in
selecting diffuser locations to coordinate well with the convective
currents required by the chilled beams.

Selection

Chilled beams are selected based on the calculated heat gain for
the space less the cooling effect of the primary ventilation air.

Fig. 2 Passive and Active Chilled-Beam Operation
(Courtesy of Trox USA, Inc.)
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Wiring
Chilled beams only require controls wiring. There is no fan or
other electrical equipment to be wired.

Condensate

Chilled beams are designed to operate dry, with few exceptions.
In some active beams with vertical coils, a drain pan may be
installed. However, asarule, a separate ventilation system should be
sized to handle the latent cooling load in the space, and the relative
humidity should be closely monitored. If the primary ventilation
system fails to properly control the space humidity, condensation
may form on the beams and their housings. Dripping of this conden-
sate could damage building materials and contents.

Chilled-water valves should have drain pans to contain any nor-
mal condensate that occurs, when the space is properly dehumidi-
fied. In case of loss of humidity control of the space, unpiped
condensate drain pans will not be sufficient to avoid overflows and
damage.

Capacity Control

Capacity of the chilled beam is controlled by a two-way valve on
the chilled-water pipe, which is wired to a room thermostat. There
is typically one valve per zone (e.g., office, lecture hall). Beams
should be piped directly in a reverse/return piping design. Beams
are not typically piped in series.

Maintenance

Maintenance on chilled beams requires blowing off the coils on a
regular basis. Because coils are located throughout occupied spaces,
this requires some coordination with occupants and housekeeping
personnel to minimize effects on furniture and space contents.

Other Concerns

Consistent air movement with natural convection equipment is
difficult to achieve. The designer should consult with the manu-
facturer to determine the proper spacing of chilled beams based on
ceiling height, heat generation sources, occupant locations, and
movement patterns. Prevention of cold air ponding on the floor,
especially when heat sources vary, can be paramount in maintaining
comfort.

Occupant comfort is affected by more than temperature and
humidity. Noise levels and nonstagnant air are also important. Some
spaces may not achieve sufficient air movement or background
noise to allow occupant comfort through use of passive chilled
beams. Additionally, insufficient filtration of the air may occur
without sufficient air movement and filtration devices in the space.

When introducing pretreated ventilation air to a space, be careful
not to interfere with convection currents while still complying with
the requirements of ventilation effectiveness and efficiency.

8. RADIANT-PANEL HEATING SYSTEMS

Radiant heating panels can use either hot water or electricity. The
panels are manufactured in standard 24 by 24 or 24 by 48 in. panels
that can be mounted into the frame of an acoustical tile ceiling or
directly to an exposed ceiling or wall. Radiant panels are designed for
all types of applications. They are energy efficient, providing a com-
fortable heat without lowering the moisture content of the room air
the way heated air systems may. Occupants in a space heated by radi-
ant heat are comfortable at lower room temperatures, which fre-
quently reduces operational costs. See Chapter 6 for more
information on these systems. Electric panels may be regulated by
local energy codes.

Types and Location

Radiant panels are typically mounted on the ceiling near perim-
eter walls in a metal frame. Unlike finned-tube radiation, they do not
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limit furniture placement. Electric radiant panels are available from
250 to 750 W in standard single-phase voltages.

Ventilation Air Requirements

Radiant panels provide space heating. Ventilation air must be
supplied by a central ventilation unit that can provide tempered,
humidity-controlled air to the space.

Selection

Radiant panels are selected based on the calculated heat loss for
the space.

Wiring
Electric radiant panels are available in standard single-phase
voltages. Panels are often prewired, including the ground wire, with

lead wires housed in flexible metal conduit and connector for junc-
tion box mounting.

Capacity Control

Panel capacity is usually controlled by coil water flow, or in the
case of electric heat, capacity steps. Most radiant panels are con-
trolled with a wall-mounted thermostat located in the space.

Maintenance

Because they have no moving parts, radiant panels require little
maintenance. Water flow control valves require periodic verifica-
tion that they are operating correctly.

9. RADIANT-FLOOR HEATING SYSTEMS

Radiant-floor heat is best applied under a finished floor that is typ-
ically cold to the touch. Radiant-floor heat systems in the past used
flexible copper pipe heating loops encased in concrete. Unfortunately,
the soldered joints could fail or the concrete’s expansion and contrac-
tion or chemical composition could corrode the pipes, causing them
to leak. However, new technologies include flexible plastic tubing
(often referred to as PEX, or cross-linked polyethylene) to replace the
old flexible copper tubing. PEX tubing is also available with an oxy-
gen diffusion barrier, because oxygen entrained in the radiant heat
tubing can cause corrosion on the ferrous connectors between the tub-
ing and the manifold system. PEX tubing is also available in longer
lengths than the flexible copper, which minimizes buried joints. The
tubing is run back to a manifold system, which includes valves to bal-
ance and shut down the system and a small circulator pump. Multiple
zones can be terminated at the same manifold.

Historically, radiant-floor heat was commonly designed for res-
idential applications, when ventilation was provided by operable
windows, and cooling was not mandatory. Like most other in-room
terminal systems, the required ventilation air must be supplied by a
central unit that can provide tempered and humidity-controlled air
that allows comfort conditions in the space to be met. Common
applications of radiant-floor heat systems include large open build-
ings, such as airplane hangars, where providing heat at the floor is
more cost-effective than heating the entire volume of air in the
space. Radiant-floor heat is becoming more common for pre-
schools, elementary schools, exercise spaces, and other locations
where children or adults sit or lie on floors. Water in the radiant-
floor loop is often around 90°F, depending on the floor finish. This
is a lower temperature than forced hot-air systems, and reduces the
energy required to heat the building. Buildings that have high ceil-
ings, large windows, or high infiltration rates or that require high air
change rates may save energy by using radiant-floor heat.

Radiant-floor systems are commonly zoned by room. Each room
may require multiple pipe circuits, depending on the room’s area
and the manifold’s location. Maximum tubing lengths are deter-
mined based on tubing diameter and desired heat output. If tubing is
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installed in a slab on or below grade or over an unconditioned space,
insulation should be incorporated to minimize heat losses. If a
radiant-floor heat system is installed in a slab over a conditioned
space, the radiant effect on that space must be considered as well.

See Chapter 6 for more information on radiant panel heating
systems.

Types and Location

Radiant-floor heating is located in the flooring or just below it
with a heat-reflecting wrap. If the final floor finish is hardwood
flooring, the radiant-floor piping can be installed in plywood tracks
with a heat reflector, below the finished floor. Ensure that, as the
final flooring is nailed down, the flexible tubing is not punctured. If
the final floor is a ceramic tile or other surface requiring a poured
concrete, the radiant floor can be laid out in the concrete, if hot-
water systems are being used. Electric underfloor heating is also
available, using a prefabricated mat that is applied on top of the
subfloor and under with ceramic tile. Radiant-floor heating systems
can also be mounted below the floor joists, with a heat reflector
below the piping. This method is often used in renovations where
removing existing flooring is not feasible.

Ventilation Air Requirements

Ventilation air must be supplied by a central ventilation unit that
can provide tempered, humidity-controlled air to the space.

Selection

Spacing between rows of tubing that make up the radiant floor
varies, depending on the heat loss of the space. Usually, the entire
heat loss of the space is calculated and the tubing spaced accord-
ingly. Another method is to place tubing closer together near the
room’s perimeter and increase the spacing in the interior. This
method is more time consuming, and the difference is only notice-
able in large spaces. Supply water temperature in the tubing is deter-
mined based on the flooring materials’ resistance to heat flow; the
temperature is higher for carpeting and a pad than for ceramic tile.
The tubing is also available in different nominal diameters, the most
common being 3/8 or 1/2 in.

Wiring
Circulator pumps at the manifolds require power. Additional

controls for zone control valves may be selected for either line volt-
age or low voltage.

Capacity Control

Because radiant floors heat the mass of the floor, these systems
are typically slow to respond to environmental changes. The circu-
lator pumps start on a call for heat from a thermostat; however, rapid
solar gains to a space with many windows could cause the space to
overheat. Smart systems have been used to anticipate the needs of
the space and overcome the thermal flywheel effects inherent to
these types of systems. Smart systems anticipate the need for heat-
ing based on outdoor conditions and the conditions experienced in
the recent past. They anticipate when set-point temperatures are
about to be achieved and reduce heat generation, to minimize over-
shooting. They also learn patterns of operation that help overcome
reasonably consistent daily solar gains.

Maintenance

The circulator pumps, valves, controls, and manifolds are the
only components requiring maintenance. Once the tubing is laid
out, it should be pressure-tested for leaks; once covered, it is
extremely difficult and/or expensive to access.
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10. INDUCTION UNIT SYSTEMS

Induction units are very similar to active chilled beams, although
they have mostly been replaced by VAV systems. Only the specific
differences of higher-pressure air induction units will be discussed
here. Primary air is supplied to an induction unit’s plenum at medium
to high pressure. The acoustically treated plenum attenuates part of
the noise generated in the unit and duct. High-velocity induction unit
nozzles typically generate significant high-frequency noise. A bal-
ancing damper adjusts the primary-air quantity within limits.

Medium- to high-velocity air flows through the induction noz-
zles and induces secondary air from the room through the secondary
coil. This secondary air is either heated or cooled at the coil, depend-
ing on the season, room requirement, or both. Ordinarily, the room
coil does no latent cooling, but a drain pan without a piped drain col-
lects condensed moisture from temporary latent loads such as at
start-up. This condensed moisture then reevaporates when the tem-
porary latent loads are no longer present. Primary and secondary
(induced) air is mixed and discharged to the room.

Secondary airflow can cause induction-unit coils to become dirty
enough to affect performance. Lint screens are sometimes used to
protect these terminals, but require frequent in-room maintenance
and reduce unit thermal performance.

Induction units are installed in custom enclosures, or in standard
cabinets provided by the manufacturer. These enclosures must
allow proper flow of secondary air and discharge of mixed air with-
out imposing excessive pressure loss. They must also allow easy
servicing. Although induction units are usually installed under a
window at a perimeter wall, units designed for overhead installation
are also available. During the heating season, the floor-mounted
induction unit can function as a convector during off hours, with hot
water to the coil and without a primary-air supply. Numerous induc-
tion unit configurations are available, including units with low over-
all height or with larger secondary-coil face areas to suit particular
space or load needs.

Induction units may be noisier than fan-coil units, especially in
frequencies that interfere with speech. On the other hand, white
noise from the induction unit enhances acoustical privacy by mask-
ing speech from adjacent spaces.

In-room terminals operate dry, with an anticipated life of 15 to 25
years. Individual induction units do not contain fans, motors, or
compressors. Routine service is generally limited to temperature
controls, cleaning lint screens, and infrequently cleaning the induc-
tion nozzles.

In existing induction systems, conserving energy by raising the
chilled-water temperature on central air-handling cooling coils can
damage the terminal cooling coil, causing it to be used constantly as
a dehumidifier. Unlike fan-coil units, the induction unit is not
designed or constructed to handle condensation. Therefore, it is crit-
ical that an induction terminal operates dry.

Induction units are rarely used in new construction. They con-
sume more energy because of the increased power needed to deliver
primary air against the pressure drop in the terminal units, and they
generate high-frequency noise from the induction nozzles. In addi-
tion, the initial cost for a four-pipe induction system is greater than
for most all-air systems. However, induction units are still used for
direct replacement renovation; because the architecture was origi-
nally designed to accommodate the induction unit, other systems
may not be easily installed.

11. SUPPLEMENTAL HEATING UNITS

In-room supplemental heating units come in all sizes. Units can
have either electric (if allowed by local energy code) or hot-water
heat, and sometimes steam; they can be surface-mounted, semire-
cessed, or recessed in the walls on the floor or horizontally along the
ceiling. Baseboard radiation is usually located at the source of the
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heat loss, such as under a window or along a perimeter wall, and is
usually rated for between 400 and 600 Btu/ft at 170°F. Other sup-
plemental heating units include unit heaters, wall heaters, and cab-
inet heaters.

All supplemental heating units can be supplied with an integral
or separate wall-mounted thermostat. If the heater is located low in
the space, an integral thermostat is sufficient most of the time; how-
ever, if the unit is mounted horizontally near the ceiling, the thermo-
stat should be wired so that it is located in the space, for accurate
space temperature readings. In addition, units may have a summer
fan option, which allows the fan to turn on for ventilation. Water
flow to space supplemental heaters should be cut off anytime the
water temperature to the coil is below 80°F, to avoid condensation
and consequent damage or mold growth.

12. PRIMARY-AIR SYSTEMS

Figure 3 illustrates a primary-air system for in-room terminal sys-
tems. The components are described in Chapter 4. Some primary-air
systems operate with 100% outdoor air at all times. In climates
where moisture content is lower outdoors than indoors, systems
using return air may benefit from a provision for operating with
100% outdoor air (economizer cycle) to reduce operating cost during
some seasons. In some systems, when the quantity of primary air
supplied exceeds the ventilation or exhaust required, excess air is
recirculated by a return system common with the interior system. A
good-quality filter (MERV = 8 to 11) is desirable in the central air
treatment apparatus. If it is necessary to maintain a given humidity
level in cold weather, a humidifier can usually be installed. Where
humidification is needed, steam humidifiers have been used success-
fully. Water-spray humidifiers must be operated in conjunction with
(1) the preheat coil elevating the temperature of the incoming air or
(2) heaters in the spray water circuit. Water-spray humidifiers should
be used with caution, however, because of the possible growth of
undesirable organisms in untreated water. See Chapter 22 for addi-
tional information on humidifiers.

The primary-air quantity is fixed, and the leaving primary-air
temperature varies inversely with the outdoor temperature to provide
the necessary amount of heating or cooling and humidity control.
Proper leaving-air temperature must be determined based on cli-
matic conditions and the influence of the ventilation air quantity on
the final space temperature and relative humidity. In cooling season,
many climates require primary air to be cooled to a point low enough
to dehumidify the total system (cooling coil leaving temperature
about 50°F or less, and almost completely saturated) and then
reheated to be provided at an appropriate temperature and humidity
level. During winter, primary air is often preheated and supplied at
approximately 50°F to provide cooling. All room terminals in a
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given primary-air preheated zone must be selected to operate satis-
factorily with the common primary-air temperature.

The supply fan should be selected at a point near maximum effi-
ciency to reduce power consumption, supply air heating, and noise.
Sound absorbers may be required at the fan discharge to attenuate
fan noise.

Reheat coils are required in a two-pipe system. Reheat may not be
required for primary-air supply of four-pipe systems. Formerly,
many primary-air distribution systems for induction units were
designed with 8 to 10 in. of water static pressure. With energy use
restrictions, this is no longer economical. Good duct design and
elimination of unnecessary restrictions (e.g., sound traps) can result
in primary systems that operate at 4.5 to 6.0 in. of water or even
lower. Low-initial-cost, smaller ductwork has to be weighed against
operating costs during life-cycle evaluation, to provide a system that
best meets the owner’s long-term goals. Primary-air distribution sys-
tems serving fan-coil systems can operate at pressures 1.0 to 1.5 in.
of water or lower. Induction units and active chilled beams require
careful selection of the primary-air cooling coil and the induction
unit nozzles to achieve an overall medium-pressure primary-air sys-
tem. Primary-air system distribution that is independently supplied
to spaces for use with other in-room terminal systems may be low-
velocity or a combination of low- and medium-velocity systems. See
Chapter 21 in the 2017 ASHRAE Handbook—Fundamentals for a
discussion of duct design. Variations in pressure between the first
and last terminals should be minimized to limit the pressure drop
required across balancing dampers.

Room sound characteristics vary depending on unit selection, air
system design, and equipment manufacturer. Select units by consid-
ering the unit manufacturer’s sound power ratings, desired maxi-
mum room noise level, and the room’s acoustical characteristics.
Limits of sound power level can then be specified to obtain accept-
able acoustical performance. See Chapter 8 in the 2017 ASHRAE
Handbook—Fundamentals.

13. PERFORMANCE UNDER VARYING LOAD

Under peak load conditions, the psychrometrics of induction
units, chilled beams, unit ventilators, and fan-coil unit systems are
essentially identical for two- and four-pipe systems. Primary air
mixes with secondary air conditioned by the room coil in an induc-
tion unit before delivery to a room. Mixing also occurs in a fan-coil
unit with a direct-connected primary-air supply. If primary air is
supplied to the space separately, as in fan-coil systems with inde-
pendent primary-air supplies, the same effect occurs in the space.

During cooling, the primary-air system provides part of the sen-
sible capacity and all of the dehumidification. The rest of the sensible
capacity is accomplished by the cooling effect of secondary water
circulating through the in-room terminal unit cooling coils. In winter,
when primary air is provided directly into the in-room terminal unit,
it can be provided at a low temperature and humidified if necessary.
This may allow cooling of internal spaces solely by the primary air,
if quantities are sufficient to meet the full cooling requirements.
Room heating where needed is then supplied by the secondary-water
system circulating through the in-room terminal unit coils.

If the economizer cycle is used, cooling energy can be reduced
when the moisture level of the outdoor air allows. For systems
where primary air does not enter at the terminal unit, the primary air
should enter the room at a temperature approximately neutral with
the desired room condition and a relative humidity level that
enhances room conditions. In buildings where cooling is required
during heating conditions, care must be taken to avoid drafts caused
by providing primary air at too low a temperature.

If interior spaces require cooling, a four-pipe system should be
considered to allow cooling of those areas while heating exterior
perimeter zones. During fall and spring months, the primary-air
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temperature may be reduced slightly to provide the limited amount
of cooling needed for east and west exposures with low internal heat
gains, because solar heat gain is typically reduced during these sea-
sons. In the northern hemisphere, the north exposure is not a signif-
icant factor because solar gain is very low; for south, southeast, and
southwest exposures, the peak solar heat gain occurs in winter, coin-
cident with a lower outdoor temperature (Eigure 4). Reducing the
primary-air temperature may not be a viable alternative where pri-
mary air is supplied directly to the space, because this air could
overcool spaces where solar heat gain or internal heat gain is low.

In buildings with large areas of glass, heat transmitted from
indoors to the outdoors, coupled with the normal supply of cool pri-
mary air, does not balance internal heat and solar gains until an out-
door temperature well below freezing is reached. Double-glazed
windows with clear or heat-absorbing glass aggravate this con-
dition, because this type of glass increases the heating effect of the
radiant energy that enters during the winter by reducing reverse
transmission. Therefore, cooling must be available at lower outdoor
temperatures. In buildings with very high internal heat gains from
lighting or equipment, the need for cooling from the room coil, as
well as from the primary air, can extend well into winter. In any
case, the changeover temperature at which the cooling capacity of
the secondary-water system is no longer required for a given space
is an important calculation. All these factors should be considered
when determining the proper changeover temperature.

14. CHANGEOVER TEMPERATURE

For all systems using a primary-air system for outdoor air, there
is an outdoor temperature (balance temperature) at which second-
ary cooling is no longer required. The system can cool by using out-
door air at lower temperatures. For all-air systems operating with up
to 100% outdoor air, mechanical cooling is seldom required at out-
door temperatures below 55°F, unless the dew point of the outdoor
air equals or exceeds the desired indoor dew point. An important
characteristic of in-room terminal unit systems, however, is that sec-
ondary-water cooling may still be needed, even when the outdoor
temperature is considerably less than 50°F. This cooling may be
provided by the mechanical refrigeration unit or by a thermal econ-
omizer cycle. Full-flow circulation of primary air through the cool-
ing coil below 50°F often provides all the necessary cooling while
preventing coil freeze-up and reducing the preheat requirement.
Alternatively, secondary-water-to-condenser-water heatexchangers
function well.
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The outdoor temperature at which the heat gain to every space
can be satisfied by the combination of cold primary air and the trans-
mission loss is called the changeover temperature. Below this
temperature, cooling is not required.

The following empirical equation approximates the changeover
temperature at sea level. It should be fine-tuned after system instal-
lation (Carrier 1965):

_ qis + qu - 11Qp(tr _tp)

teo = t; 1)
Al
where
t., = temperature of changeover point, °F
t, = room temperature at time of changeover, normally 72°F
t, = primary-air temperature at unit after system is changed over,
normally 56°F
Qp = primary-air quantity, cfm
;s = internal sensible heat gain, Btu/h

Qes = external sensible heat gain, Btu/h
Ay = heat transmission per degree of temperature difference between
room and outdoor air

In two-pipe changeover systems, the entire system is usually
changed from winter to summer operation at the same time, so the
room with the lowest changeover point should be identified. In
northern latitudes, this room usually has a south, southeast, or
southwest exposure because the solar heat gains on these exposures
reach their maximum during winter.

If the calculated changeover temperature is below approximately
48°F, an economizer cycle should operate to allow the refrigeration
plant to shut down.

Although factors controlling the changeover temperature of in-
room terminal systems are understood by the design engineer, the
basic principles may not be readily apparent to system operators.
Therefore, it is important that the concept and calculated change-
over temperature are clearly explained in operating instructions
given before operating the system. Some increase from the calcu-
lated changeover temperature is normal in actual operation. Also, a
range or band of changeover temperatures, rather than a single
value, is necessary to preclude frequent change in seasonal cycles
and to grant some flexibility in operation. The difficulties associated
with operator understanding and the need to perform changeover
several times a day in many areas have severely limited the accept-
ability of the two-pipe changeover system.

15. TWO-PIPE SYSTEMS WITH CENTRAL
VENTILATION

Two-pipe systems for in-room terminal systems derive their
name from the water-distribution circuit, which consists of one sup-
ply and one return pipe. Each unit or conditioned space is supplied
with secondary water from this distribution system and with condi-
tioned primary air from a central apparatus. The system design and
control of primary-air and secondary-water temperatures must be
such that all rooms on the same system (or zone, if applicable) can
be satisfied during both heating and cooling seasons. The heating or
cooling capacity of any unit at a particular time is the sum of its
primary-air output plus its secondary-water output.

The secondary-water coil (cooling-heating) in each space is con-
trolled by a space thermostat and can vary from 0 to 100% of coil
capacity, as required to maintain space temperature. The secondary
water is cold in summer and intermediate seasons and warm in win-
ter. All rooms on the same secondary-water zone must operate sat-
isfactorily with the same water temperature.

Figure 5 shows the capacity ranges available from a typical
two-pipe system. On a hot summer day, loads from about 25 to 100%
of the design space cooling capacity can be satisfied. On a 50°F inter-
mediate-season day, the unit can satisfy a heating requirement by
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closing off the secondary-water coil and using only the output of
warm primary air. A lesser heating or net cooling requirement is sat-
isfied by the cold secondary-water coil output, which offsets the
warm primary air to obtain cooling. In winter, the unit can provide a
small amount of cooling by closing the secondary coil and using only
the cold primary air. Smaller cooling loads and all heating require-
ments are satisfied by using warm secondary water.

Critical Design Elements

The most critical design elements of a two-pipe system are the
calculation of primary-air quantities and the final adjustment of the
primary-air temperature reset schedule. All rooms require a mini-
mum amount of heat and latent capacity from the primary-air supply
during the intermediate season. Using the ratio of primary air to
transmission per degree (A/T ratio) to maintain a constant relation-
ship between the primary-air quantity and the heating requirements
of each space fulfills this need. The A/T ratio determines the pri-
mary-air temperature and changeover point, and is fundamental to
proper design and operation of a two-pipe system.

Transmission per Degree. The relative heating requirement of
every space is determined by calculating the transmission heat flow
per degree temperature difference between the space temperature
and the outdoor temperature (assuming steady-state heat transfer).
This is the sum of the (1) glass heat transfer coefficient times the
glass areas, (2) wall heat transfer coefficient times the wall area, and
(3) roof heat transfer coefficient times the roof area.

Air-to-Transmission (A/T) Ratio. The A/T ratio is the ratio of
the primary airflow to a given space divided by the transmission per
degree of that space: A/T ratio = Primary air/Transmission per
degree.

Spaces on acommon primary-air zone must have approximately
the same A/T ratios. The design base A/T ratio establishes the
primary-air reheat schedule during intermediate seasons. Spaces
with A/T ratios higher than the design base A/T ratio tend to be
overcooled during light cooling loads at an outdoor temperature in
the 70 to 90°F range, whereas spaces with an A/T ratio lower than
design lack sufficient heat during the 40 to 60°F outdoor tempera-
ture range when primary air is warm for heating and secondary
water is cold for cooling.

The minimum primary-air quantity that satisfies the require-
ments for ventilation, dehumidification, and both summer and win-
ter cooling is used to calculate the minimum A/T ratio for each
space. If the system operates with primary-air heating during cold
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Temperatures are based on

1. Minimum average load in the space, equivalent to 10°F
multiplied by the transmission per degree.

2. Preventing the room temperature from dropping below 72°F.
These values compensate for the radiation and convection
effect of the cold outside wall.

Fig. 6 Primary-Air Temperature Versus Outdoor Air
Temperature

weather, the heating capacity can also be the primary-air quantity
determinant for two-pipe systems.

The design base A/T ratio is the highest A/T ratio obtained, and
the primary airflow to each space is increased as required to obtain
a uniform A/T ratio in all spaces. An alternative approach is to
locate the space with the highest A/T ratio requirement by inspec-
tion, establish the design base A/T ratio, and obtain the primary
airflow for all other spaces by multiplying this A/T ratio by the
transmission per degree of all other spaces.

For each A/T ratio, there is a specific relationship between out-
door air temperature and temperature of the primary air that main-
tains the room at 72°F or more during conditions of minimum room
cooling load. Figure 6 illustrates this variation based on an assumed
minimum room load equivalent to 10°F times the transmission per
degree. A primary-air temperature over 122°F at the unit is seldom
used. The reheat schedule should be adjusted for hospital rooms or
other applications where a higher minimum room temperature is
desired, or where a space has no minimum cooling load.

Deviation from the A/T ratio is sometimes permissible. A mini-
mum A/T ratio equal to 0.7 of the maximum A/T is suitable, if the
building is of massive construction with considerable heat storage
effect (Carrier 1965). The heating performance when using warm
primary air becomes less satisfactory than that for systems with a
uniform A/T ratio. Therefore, systems designed for A/T ratio devi-
ation should be suitable for changeover to warm secondary water for
heating whenever the outdoor temperature falls below 40°F. A/T
ratios should be more closely maintained on buildings with large
glass areas or with curtain wall construction, or on systems with low
changeover temperature.
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Changeover Temperature Considerations

Transition from summer operations to intermediate-season oper-
ation is done by gradually raising the primary-air temperature as the
outdoor temperature falls, to keep rooms with small cooling loads
from becoming too cold. The secondary water remains cold during
both summer and intermediate seasons. Figure 7 illustrates the psy-
chrometrics of summer operation near the changeover temperature.
As the outdoor temperature drops further, the changeover tempera-
ture is reached. The secondary-water system can then be changed
over to provide hot water for heating.

If the primary airflow is increased to some spaces to elevate the
changeover temperature, the A/T ratio for the reheat zone is affected.
Adjustments in primary-air quantities to other spaces on that zone
will probably be necessary to establish a reasonably uniform ratio.

System changeover can take several hours and usually tempo-
rarily upsets room temperatures. Good design, therefore, includes
provision for operating the system with either hot or cold secondary
water over a range of 15 to 20°F below the changeover point. This
range makes it possible to operate with warm air and cold secondary
water when the outdoor temperature rises above the daytime
changeover temperature. Changeover to hot water is limited to times
of extreme or protracted cold weather.

Optional hot- or cold-water operation below the changeover
point is provided by increasing the primary-air reheater capacity to
provide adequate heat at a colder outdoor temperature. Figure 8
shows temperature variation for a system operating with changeover,
indicating the relative temperature of the primary air and secondary
water throughout the year and the changeover temperature range.
The solid arrows show the temperature variation when changing over
from the summer to the winter cycle. The open arrows show the vari-
ation when going from the winter to the summer cycle.

Nonchangeover Design

Consider using nonchangeover systems to simplify operation for
buildings with mild winter climates, or for south exposure zones of
buildings with a large winter solar load. A nonchangeover system
operates on an intermediate-season cycle throughout the heating
season, with cold secondary water to the terminal unit coils and with
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warm primary air satisfying all the heating requirements. Typical
temperature variation is shown in Eigure 9.

Spaces may be heated during unoccupied hours by operating the
primary-air system with 100% return air. This feature is necessary
because nonchangeover design does not usually include the ability
to heat the secondary water. In addition, cold secondary water must
be available throughout the winter. Primary-air duct insulation and
observance of close A/T ratios for all units are essential for proper
heating during cold weather.

Zoning

A two-pipe system can provide good temperature control most of
the time, on all exposures during the heating and cooling seasons.
Comfort and operating cost can be improved by zoning in the fol-
lowing ways:

« Primary air to allow different A/T ratios on different exposures
« Primary air to allow solar compensation of primary-air temperature
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« Bothair and water to allow a different changeover temperature for
different exposures

All spaces on the same primary-air zone must have the same
AJT ratio. The minimum A/T ratios often are different for spaces on
different solar exposures, thus requiring the primary-air quantities
on some exposures to be increased if they are placed on a common
zone with other exposures. The primary-air quantity to units serving
spaces with less solar exposure can usually be reduced by using
separate primary-air zones with different A/T ratios and reheat
schedules. Primary-air quantity should never be reduced below min-
imum ventilation requirements.

The peak cooling load for the south exposure occurs during fall
or winter when outdoor temperatures are lower. If shading patterns
from adjacent buildings or obstructions are not present, primary-
air zoning by solar exposure can reduce air quantities and unit coil
sizes on the south. Units can be selected for peak capacity with
cold primary air instead of reheated primary air. Primary-air
zoning and solar compensators save operating cost on all solar
exposures by reducing primary-air reheat and secondary-water
refrigeration penalty.

Separate air and water zoning may save operating cost by allow-
ing spaces with less solar exposure to operate on the winter cycle
with warm secondary water at outdoor temperatures as high as 60°F
during the heating season. Systems with a common secondary-
water zone must operate with cold secondary water to cool heavier
solar exposures. Primary airflow can be lower because of separate
AJT ratios, resulting in reheat and refrigeration cost savings.

Room Control

When room temperature rises, the thermostat must increase the
output of the cold secondary coil (in summer) or decrease the output
of the warm secondary coil (in winter). Changeover from cold to hot
water in the unit coils requires changing the action of the room tem-
perature control system. Room control for nonchangeover systems
does not require the changeover action, unless it is required to pro-
vide gravity heating during shutdown.

Evaluation

Characteristics of two-pipe in-room terminal unit systems in-
clude the following:

» Usually less expensive to install than four-pipe systems

« Less capable of handling widely varying loads or providing a
widely varying choice of room temperatures than four-pipe sys-
tems

 Present operational and control changeover problems, increasing
the need for competent operating personnel

» More costly to operate than four-pipe systems

Electric Heat for Two-Pipe Systems

Electric heat can be supplied with a two-pipe in-room terminal
unit system by a central electric boiler and terminal coils, or by
individual electric-resistance heating coils in the terminal units.
One method uses small electric-resistance terminal heaters for
intermediate-season heating and a two-pipe changeover chilled-
water/hot-water system. The electric terminal heater heats when
outdoor temperatures are above 40°F, so cooling can be kept avail-
able with chilled water in the chilled-water/hot-water system. Sys-
tem or zone reheating of primary air is greatly reduced or
eliminated entirely. When the outdoor temperature falls below this
point, the chilled-water/hot-water system is switched to hot water,
providing greater heating capacity. Changeover is limited to a few
times per season, and simultaneous heating/cooling capacity is
available, except in extremely cold weather, when little, if any,
cooling is needed. If electric-resistance terminal heaters are used,
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they should be prevented from operating whenever the secondary-
water system is operated with hot water.

Another method is to size electric resistance terminal heaters for
the peak winter heating load and operate the chilled-water system as
a nonchangeover cooling-only system. This avoids the operating
problem of chilled-water/hot-water system changeover. In fact, this
method functions like a four-pipe system, and, in areas where the
electric utility establishes a summer demand charge and has a low
unit energy cost for high winter consumption, it may have a lower
life-cycle cost than hydronic heating with fossil fuel. A variation,
especially appropriate for well-insulated office buildings with
induction units where cooling is needed in perimeter offices for
almost all occupied hours because of internal heat gain, is to use
electric heaters in the terminal unit during occupied hours and to
provide heating during unoccupied hours by raising primary-air
temperature on an outdoor reset schedule.

16. FOUR-PIPE SYSTEMS

Four-pipe systems have a chilled-water supply, chilled-water re-
turn, hot-water supply, and hot-water return. The terminal unit usu-
ally has two independent secondary-water coils: one served by hot
water, the other by cold water. During peak cooling and heating, the
four-pipe system performs in a manner similar to the two-pipe sys-
tem, with essentially the same operating characteristics. Between
seasons, any unit can be operated at any level from maximum cool-
ing to maximum heating, if both cold and warm water are being cir-
culated, or between these extremes without regard to other units’
operation.

In-room terminal units are selected by their peak capacity. The
AJT ratio does not apply to four-pipe systems. There is no need to
increase primary-air quantities on units with low solar exposure
beyond the amount needed for ventilation and to satisfy cooling
loads. The available net cooling is not reduced by heating the pri-
mary air. The changeover point is still important, though, because
cooling spaces on the sunny side of the building may still require
secondary-water cooling to supplement the primary air at low out-
door temperatures.

Zoning

Zoning primary-air or secondary-water systems is not required
with four-pipe systems. All terminal units can heat or cool at all
times, as long as both hot and cold secondary pumps are operated
and sources of heating and cooling are available.

Room Control

The four-pipe terminal usually has two completely separated
secondary-water coils: one receiving hot water and the other
receiving cold water. The coils are operated in sequence by the
same thermostat; they are never operated simultaneously. The unit
receives either hot or cold water in varying amounts, or else no flow
is present, as shown in Figure 10A. Adjustable, dead-band thermo-
stats further reduce operating cost.

Figure 10B illustrates another unit and control configuration. A
single secondary-water coil at the unit and three-way valves located
at the inlet and outlet admit water from either the hot- or cold-water
supply, as required, and divert it to the appropriate return pipe. This
arrangement requires a special three-way modulating valve, origi-
nally developed for one form of the three-pipe system. It controls
the hot or cold water selectively and proportionally, but does not mix
the streams. The valve at the coil outlet is a two-position valve open
to either the hot or cold water return, as required.

Overall, the two-coil arrangement provides a superior four-pipe
system. Operation of the induction and fan-coil unit controls is the
same year-round.
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Evaluation

Compared to the two-pipe system, the four-pipe air-and-water
system has the following characteristics:

« More flexible and adaptable to widely differing loads, responding
quickly to load changes

« Simpler to operate

« Operates without the summer-winter changeover and primary-air
reheat schedule

« Efficiency is greater and operating cost is lower, though initial
cost is generally higher

* Can be designed with no interconnection of hot- and cold-water
secondary circuits, and the secondary system can be completely
independent of the primary-water piping

17. AUTOMATIC CONTROLS AND BUILDING
MANAGEMENT SYSTEMS

Chapter 48 of the 2019 ASHRAE Handbook—HVAC Applica-
tions and Chapter 7 of the 2017 ASHRAE Handbook—Fundamen-
tals discuss automatic controls. The information and concepts
discussed there apply to in-room terminal system equipment and
systems, as well.

The designer should discuss the complexity, technical expertise,
and local resources with the facility’s owner/operator before speci-
fying a overly complex or sophisticated control system, because
many facilities using in-room terminal units have limited mainte-
nance staff.

18. MAINTENANCE MANAGEMENT SYSTEMS
AND BUILDING SYSTEM COMMISSIONING

Chapter 1 discusses both of these topics. In-room terminal sys-
tems, like every other system, benefit from consideration and imple-
mentation of these practices.
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ANEL heating and cooling systems use temperature-controlled

indoor surfaces on the floor, walls, or ceiling; temperature is
maintained by circulating water, air, or electric current through a cir-
cuit embedded in or attached to the panel. A temperature-controlled
surface is called a radiant panel if 50% or more of the design heat
transfer on the temperature-controlled surface takes place by ther-
mal radiation. Panel systems are characterized by controlled surface
temperatures below 300°F. Panel systems may be combined either
with a central forced-air system of one-zone, constant-temperature,
constant-volume design, or with dual-duct, reheat, multizone or
variable-volume systems, decentralized convective systems, or in-
space fan-coil units. In decoupled systems, the air system provides
ventilation air and meets dehumidification needs. In hybrid (or
load-sharing) systems, the air system may provide significant addi-
tional capacity (e.g., where cooling loads exceed the capabilities of
a radiant slab system).

This chapter covers temperature-controlled surfaces that are the
primary source of sensible heating and cooling in the conditioned
space. For snow-melting and freeze-protection applications, see
Chapter 52 of the 2019 ASHRAE Handbook—HVAC Applications.
Chapter 16 of this volume covers high-temperature panels over
300°F, which may be energized by gas or electricity.

1. PRINCIPLES OF RADIANT
SYSTEMS

Thermal radiation (1) is transmitted at the speed of light, (2) trav-
els in straight lines and can be reflected, (3) elevates the temperature
of solid objects by absorption but does not noticeably heat the air
through which it travels, and (4) is exchanged continuously between
all bodies in a building environment. The rate at which thermal radi-
ation occurs depends on the following factors:

< Temperature of the emitting surface and receiver

« Emittance of the radiating surface

» Reflectance, absorptance, and transmittance of the receiver

« View factor between the emitting and receiver surfaces (viewing
angle of the occupant to the thermal radiation source)

One example of heating by thermal radiation is the feeling of
warmth when standing in the sun’s rays on a cool, sunny day. Some
of the rays come directly from the sun and include the entire electro-
magnetic spectrum. Other rays are absorbed by or reflected from
surrounding objects. This generates secondary rays that are a com-
bination of the wavelength produced by the temperature of the
objects and the wavelength of the reflected rays. If a cloud passes in
front of the sun, there is an instant sensation of cold. This sensation
is caused by the decrease in the amount of heat received from solar

The preparation of this chapter is assigned to TC 6.5, Radiant Heating and
Cooling.
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radiation, although there is little, if any, change in the ambient air
temperature.

In buildings, thermal radiation occurs mostly in the infrared
(longwave) region because the temperature of the bodies in a build-
ing environment is low. An example is the radiation heat exchange
between human bodies and a cold window on an exterior wall.
Another major type of radiation is shortwave radiation; the source is
mainly the sun, although lighting fixtures also emit energy in the
shortwave region. In this chapter, discussions about radiation ther-
mal properties and their effects are limited to the longwave region,
unless specifically indicated otherwise.

ASHRAE research project RP-876 (Lindstrom et al. 1998) con-
cluded that surface roughness and texture have insignificant effects
on thermal convection and thermal radiation, respectively. Surface
longwave emittance (the ratio of the radiant heat flux emitted by a
body to that emitted by a blackbody under the same conditions) for
typical indoor surfaces, such as carpets, vinyl texture paint, and plas-
tic, remained between 0.9 and 1.0 for panel surface temperatures of
86 to 131°F. For shortwave (solar) absorptance, other factors, such
as color and surface roughness, play a significant role.

Thermal comfort, as defined in ASHRAE Standard 55-2013, is
“that condition of mind which expresses satisfaction with the ther-
mal environment.” Radiant heating and cooling systems can be used
to provide unique approaches to dealing with several factors affect-
ing human thermal comfort. Maintaining correct conditions for
human thermal comfort by thermal radiation is possible for even the
most severe climatic conditions (Buckley 1989).

Panel heating and cooling systems modulate the thermal environ-
ment by directly controlling surface temperatures as well as indoor
air temperature in an occupied space. With a properly designed sys-
tem, occupants should not be aware that the environment is being
heated or cooled. To provide an acceptable thermal environment to
the occupants, the requirements for general and local thermal com-
fort must be taken into account. Chapter 9 of the 2017 ASHRAE
Handbook—Fundamentals and ASHRAE Standard 55 have more
information on these requirements.

Both the air temperature and the mean radiant temperature
(MRT) of a space should be taken into account when assessing occu-
pant thermal comfort. The combined influence of these two tempera-
tures is expressed as the operative temperature. Mean radiant
temperature has a strong influence on human thermal comfort. The
magnitude of the effect is slightly greater than that of air temperature
at the low air velocities typical to most indoor spaces. When the tem-
perature of surfaces comprising the building (particularly outdoor ex-
posed walls with extensive fenestration) deviates excessively from the
air temperature, convective systems sometimes have difficulty coun-
teracting the discomfort caused by cold or hot surfaces. This is be-
cause the air temperature used for controlling the HVAC system is
significantly different from the MRT, and both affect thermal comfort.

Most building materials have relatively high surface emittance
and, therefore, absorb and reradiate heat from active panels. This
yields an MRT that is close to the air temperature under most condi-
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tions, and thus heating and cooling panels directly lead to a more
controlled, acceptable thermal comfort condition in the space.

1.1 HEAT TRANSFER

Sensible heating or cooling panels transfer heat through
temperature-controlled (active) surface(s) to or from an indoor space
and its enclosure surfaces by thermal radiation and natural convection.

Heat Transfer by Thermal Radiation

The basic equation for a multisurface enclosure with gray,
diffuse isothermal surfaces is derived by radiosity formulation
methods (see Chapter 4 of the 2017 ASHRAE Handbook—Funda-
mentals). This equation may be written as

n
Qr :‘]p _szj Jj 1
=1

where

g, = net heat flux because of thermal radiation on active (heated or
cooled) panel surface, Btu/h-ft2

J, = total radiosity leaving or reaching panel surface, Btu/h-ft2
Jj = radiosity from or to another surface in room, Btu/h-ft?
F,j = radiation angle factor between panel surface and another surface

in room (dimensionless)
number of surfaces in room other than panel(s)

n

Equation (1) can be applied to simple and complex enclosures
with varying surface temperatures and emittances. The net heat flux
by thermal radiation at the panel surfaces can be determined by
solving the unknown J; if the number of surfaces is small. More
complex enclosures require computer calculations.

Radiation angle factors can be evaluated using Figure 15 in
Chapter 4 of the 2017 ASHRAE Handbook—Fundamentals. Fanger
(1972) shows room-related angle factors; they may also be devel-
oped from algorithms in ASHRAE’s Energy Calculations | (1976).

Several methods have been developed to simplify Equation (1)
by reducing a multisurface enclosure to a two-surface approxima-
tion. In the MRT method, the thermal radiation interchange in an
indoor space is modeled by assuming that the surfaces radiate to a
fictitious, finite surface that has an emittance and surface tempera-
ture that gives about the same heat flux as the real multisurface case
(Walton 1980). In addition, angle factors do not need to be deter-
mined in evaluating a two-surface enclosure. The MRT equation
may be written as

a = oF, [T;‘-Tf} @)

where

o = Stefan-Boltzmann constant = 0.1712 x 10-8 Btu/h-ft2.°R4
F, = radiation exchange factor (dimensionless)

T, = effective temperature of heating (cooling) panel surface, °R
T, = temperature of fictitious surface (unheated or uncooled), °R

The temperature of the fictitious surface is given by an area emit-
tance weighted average of all surfaces other than the panel(s):

n
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where
A; = area of surfaces other than panels, ft?
g; = thermal emittance of surfaces other than panel(s) (dimensionless)

When the surface emittances of an enclosure are nearly equal,
and surfaces directly exposed to the panel are marginally unheated
(uncooled), then Equation (3) becomes the area-weighted average
unheated (uncooled) temperature (AUST) of such surfaces exposed
to the panels. Therefore, any unheated (uncooled) surface in the

same plane with the panel is not accounted for by AUST. For exam-
ple, if only part of the floor is heated, the remainder of the floor is
not included in the calculation of AUST, unless it is observed by
other panels in the ceiling or wall.

The radiation interchange factor for two-surface radiation heat
exchange is given by the Hottel equation:

F = L @)

A
Fp—r €p Ar €
where

Fp_r = radiation angle factor from panel to fictitious surface
(1.0 for flat panel)
Ay, A, = area of panel surface and fictitious surface, respectively
€, & = thermal emittance of panel surface and fictitious surface,
respectively (dimensionless)

In practice, the thermal emittance ¢, of nonmetallic or painted
metal nonreflecting surfaces is about 0.9. When this emittance is used
in Equation (4), the radiation exchange factor F, is about 0.87 for
most indoor spaces. Substituting this value in Equation (2), oF,
becomes 0.15 x 10-8. Min et al. (1956) showed that this constant
was 0.152 x 1078 in their test room. Then the equation for heat flux
from thermal radiation for panel heating and cooling becomes
approximately

gy = 0.15 x 10°8[(t, + 459.67)% — (AUST + 459.67)4]  (5)

where
t, = effective panel surface temperature, °F

AUST = area-weighted temperature of all indoor surfaces of walls, ceiling,
floor, windows, doors, etc. (excluding active panel surfaces), °F

Equation (5) establishes the general sign convention for this
chapter, which states that heating by the panel is positive and cool-
ing by the panel is negative.

Radiation exchange calculated from Equation (5) is given in
Figure 1. The values apply to ceiling, floor, or wall panel output.
Radiation removed by a cooling panel for a range of normally
encountered temperatures is given in Eigure 2.
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In many specific instances where normal multistory commercial
construction and fluorescent lighting are used, the indoor air tem-
perature at the 5 ft level closely approaches the AUST. In structures
where the main heat gain is through the walls or where incandescent
lighting is used, wall surface temperatures tend to rise considerably
above the indoor air temperature.

Note that Equation (5) is simplified such that it only characterizes
longwave radiation heat transfer between the radiant surface and its
enclosure surfaces. It does not include the effects of incident solar
(shortwave and longwave) radiation and other internal heat gains on
the active surfaces. For cases when solar radiation dominates, special
considerations must be taken (Feng etal. 2013a; Liu etal. 2015; Sim-
monds 2006). Dynamic simulation software that implements the
heat balance (HB) method (discussed in Chapter 18 of the 2017
ASHRAE Handbook—Fundamentals) is the most appropriate tool to
characterize the performance of radiant surfaces in these cases.

Heat Transfer by Natural Convection

Heat flux from natural convection g, occurs between the indoor
air and the temperature-controlled panel surface. Thermal convec-
tion coefficients are not easily established. In natural convection,
warming or cooling the boundary layer of air at the panel surface
generates air motion. In practice, however, many factors, such as the
indoor space configuration, interfere with or affect natural convec-
tion. Infiltration/exfiltration, occupants’ movement, and mechanical
ventilating systems can introduce some forced convection that dis-
turbs the natural convection.

Parmelee and Huebscher (1947) included the effect of forced con-
vection on heat transfer occurring on heating or cooling panel surfaces
as an increment to be added to the natural-convection coefficient.
However, increased heat transfer from forced convection should not
be factored into calculations because the increments are unpredictable
in pattern and performance, and forced convection does not signifi-
cantly increase the total heat flux on the active panel surface.

Natural-convection heat flux in a panel system is a function of
the effective panel surface temperature and the temperature of
the air layer directly contacting the panel. The most consistent
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Fig.2 Heat Removed by Radiation at Cooled Ceiling or
Wall Panel Surface
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measurements are obtained when the dry-bulb air layer tempera-
ture is measured close to the region where the fully developed
boundary layer begins, usually 2 to 2.5 in. from the panel surfaces.

Min et al. (1956) determined natural-convection coefficients 5 ft
above the floor in the center of a 12 by 24.5 ft room (D, = 16.1 ft).
Equations (6) through (11), derived from this research, can be used
to calculate heat flux from panels by natural convection.

Natural-convection heat flux between an all-heated ceiling surface
and indoor air

1.25
(ty—t,)

q. =0.041 Do

(6)

Natural-convection heat flux between a heated floor or cooled ceil-
ing surface and indoor air

’tp - ta| 0'31(tp - ta)

G =039 Do.08

U]

Natural-convection heat flux between a heated or cooled wall
panel surface and indoor air

It =t "t —ta)

0= 0.28—— ®)
where
g, = heat flux from natural convection, Btu/h-ft2
t, = effective temperature of temperature-controlled panel surface, °F
ty = indoor space dry-bulb air temperature, °F
D, = equivalent diameter of panel (4 x area/perimeter), ft
H = height of wall panel, ft

Schutrum and Humphreys (1954) measured panel performance
in furnished test rooms that did not have uniform panel surface tem-
peratures and found no variation in performance large enough to be
significant in heating practice. Schutrum and Vouris (1954) estab-
lished that the effect of room size was usually insignificant except
for very large spaces like hangars and warehouses, for which
Equations (6) and (7) should be used. Otherwise, Equations (6),
(7), and (8) can be simplified to the following by D, = 16.1 ft and
H =8.85 ft:

Natural-convection heat flux between an all-heated ceiling surface
and indoor air

Oc = O'Oz(tp - ta)o'zs(tp - ta) ©

Natural-convection heat flux from a heated ceiling may be aug-
mented by leaving cold strips (unheated ceiling sections), which
help initiate natural convection. In this case, Equation (9) may be
replaced by Equation (10) (Kollmar and Liese 1957):

de = 0.13(t, — t,)025(t, - t,) (10)

For large spaces such as aircraft hangars, if panels are adjoined,
Equation (10) should be adjusted with the multiplier (16.1/D,)%-25.

Natural-convection heat flux between a heated floor or cooled ceil-
ing surface and indoor air

Qc = 0'31|tp - ta|0'31(tp -ta) (11)

Natural-convection heat flux between a heated or cooled wall
panel surface and indoor air

Oc= 0-26|tp - ta|0'32(tp -t (12)

There are no confirmed data for floor cooling, but Equation (10)
may be used for approximate calculations. Under normal conditions,
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t, is the dry-bulb indoor air temperature. In floor-heated or ceiling-
cooled spaces with large proportions of outdoor exposed fenestra-
tion, t, may be taken to equal AUST.

In cooling, t, is less than t,, so g is negative. Figure 3 shows heat
flux by natural convection at floor, wall, and ceiling heating panels
as calculated from Equations (11), (12), (9), and (10), respectively.

Figure 4 compares heat removal by natural convection at cooled
ceiling panel surfaces, as calculated by Equation (11), with data from
Wilkes and Peterson (1938) for specific panel sizes. An additional
curve illustrates the effect of forced convection on the latter data.
Similar adjustment of the data from Min et al. (1956) is inappropriate,
but the effects would be much the same.

Combined Heat Flux (Thermal Radiation and
Natural Convection)

The combined heat flux on the active panel surface can be deter-
mined by adding the thermal-radiation heat flux g, as calculated by
Equation (5) (or from Eigures 1 and 2) to the natural-convection heat
flux g, as calculated from Equations (9), (10), (11), or (12) or from
Figure 3 or 4, as appropriate.

Equation (5) requires the AUST for the indoor space. In calcu-
lating the AUST, the surface temperature of interior walls may be
assumed to be the same as the dry-bulb indoor air temperature. The
inside surface temperature t,, of outdoor exposed walls and outdoor
exposed floors or ceilings can be calculated from the following
relationship:

h(t, —t,) = U(t, - t,) (13)
or

U
o 1) (14)

ty=t—
where
h = natural-convection coefficient of the inside surface of an outdoor
exposed wall or ceiling
U = overall heat transfer coefficient of wall, ceiling, or floor,
Btu/h-ft2.°F
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From Table 10 in Chapter 26 of the 2013 ASHRAE Handbook—
Fundamentals,

h = 1.63 Btu/h-ft2. °F for a horizontal surface with heat flow up
h = 1.46 Btu/h-ft2.°F for a vertical surface (wall)
h = 1.08 Btu/h-ft2. °F for a horizontal surface with heat flow down

Figure 5is a plot of Equation (13) for a vertical outdoor wall with
70°F dry-bulb indoor air temperature and h = 1.46 Btu/h-ft2. °F. For
rooms with dry-bulb air temperatures above or below 70°F, the val-
ues in Figure 5 can be corrected by the factors plotted in Figure 6.

Tests by Schutrum et al. (1953a, 1953b) and simulations by
Kalisperis (1985) based on a program developed by Kalisperis and
Summers (1985) show that the AUST and indoor air temperature
are almost equal, if there is little or no outdoor exposure. Steinman
et al. (1989) noted that this may not apply to enclosures with large
fenestration or a high percentage of outdoor exposed wall and/or
ceiling surface area. These surfaces may have a lower (in heating)
or higher (in cooling) AUST, which increases the heat flux from
thermal radiation.

Figure 7 shows the combined heat flux from thermal radiation
and natural convection for cooling, as given in Figures 2 and 4. The
data in Figure 7 do not include solar, lighting, occupant, or equip-
ment heat gains.

In suspended-ceiling panels, heat is transferred from the back of
the ceiling panel to the floor slab above (in heating) or vice versa (in
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cooling). The ceiling panel surface temperature is affected because
of heat transfer to or from the panel and the slab by thermal radiation
and, to a much smaller extent, by natural convection. The thermal-
radiation component of the combined heat flux can be approximated
using Equation (5) or Eigure 1. The natural-convection component
can be estimated from Equation (10) or (11) or from Eigure 3 or 4.
In this case, the temperature difference is that between the top of the
ceiling panel and the midspace of the ceiling. The temperature of the
ceiling space should be determined by testing, because it varies with
different panel systems. However, much of this heat transfer is nul-
lified when insulation is placed over the ceiling panel, which, for
perforated metal panels, also provides acoustical absorption.

If artificial lighting fixtures are recessed into the suspended ceil-
ing space, radiation from the top of the fixtures raises the overhead
slab temperature and heat is transferred to the indoor air by natural
convection. This heat is absorbed at the top of the cooled ceiling
panels both by thermal radiation, in accordance with Equation (5) or
Figure 2, and by thermal convection, generally in accordance with
Equation (10). The amount the top of the panel absorbs depends on
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the system. Similarly, panels installed under a roof absorb addi-
tional heat, depending on configuration and insulation.

1.2 FACTORS AFFECTING HEAT TRANSFER

Panel Thermal Resistance

Any thermal resistance between the indoor space and the active
panel surface, as well as between the active panel surface and the
hydronic tubing or electric circuitry in the panel, reduces system
performance. Thermal resistance to heat transfer may vary consid-
erably among different panels, depending on the type of bond
between the tubing (electric cabling) and the panel material. Factors
such as corrosion or adhesion defects between lightly touching
surfaces and the method of maintaining contact may change the
bond with time. The actual thermal resistance of any proposed
system should be verified by testing. Specific resistance and perfor-
mance data, when available, should be obtained from the manufac-
turer based on performance tests such as those described in ANSI/
ASHRAE Standard 138 or European Standard EN 14240 (CEN
2004). Panel thermal resistances include

r.= thermal resistance of tube wall per unit tube spacing in a
hydronic system, ft2-h-°F/Btu- ft

r; = thermal resistance between tube (electric cable) and panel body
per unit spacing between adjacent tubes (electric cables),
ft2-h-°F/Btu-ft

r, = thermal resistance of panel body, ft2.h-°F/Btu
r. = thermal resistance of active panel surface covers, ft2-h-°F/Btu
r, = characteristic (combined) panel thermal resistance,
ft2-h-°F/Btu
For a given adjacent tube (electric cable) spacing M,
r=riM+rM+r,+r; (15)

When the tubes (electric cables) are embedded in the slab, ry may be
neglected. However, if they are externally attached to the body of
the panel, ry may be significant, depending on the quality of bond-
ing. Table 1 gives typical ry values for various ceiling panels.
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Table 1 Thermal Resistance of Ceiling Panels

Table 2 Thermal Conductivity of Typical Tube Material

Thermal Resistance

o, Ts,
Type of Panel ft2.h-°F/Btu  ft2-h-°F/Btu-ft

PAN EDGE HELD
AGAINST PIPE
BY SPRING CLIP

X
EE 0.55
p
ALUMINUM PAN
D,
[ m— X
X
Q¥ Q L 0.22
kp
COPPER TUBE SECURED TO
ALUMINUM SHEET
|<—M—>1
N [0 1 X
), P p
— 0.17
¥ 4 1 k
COPPER TUBE SECURED TO p
ALUMINUM EXTRUSION
METAL CR
GYPSUM LATH X, —Dy/2
LS Tl - -0
p
X, —Dy/2
e A Ry <0.20
2 e A AT DA e k

METAL LATH

The value of r, may be calculated if the characteristic panel
thickness x,, and the thermal conductivity k, of the panel material are
known.

If the tubes (electric cables) are embedded in the panel,

_Xp—D,/2
-

kp
where D, = outside diameter of the tube (electric cable). Hydronic
floor heating by a heated slab and gypsum-plaster ceiling heating
are typical examples.
If the tubes (electric cable) are attached to the panel,

(16)

x
o

rp=

a7

~
o

Metal ceiling panels (see Table 1) and tubes under subfloor (see Fig-
ure 23) are typical examples.
Thermal resistance per unit on-center spacing (M = unity) of cir-

cular tubes with inside diameter D; and thermal conductivity k; is
In(D,/D;)

i

For an elliptical tube with semimajor and semiminor axes of a

and b, respectively, measured at both the outside and inside of the
tube,

(18)

(ay, +by)/(a;+b;)
kk=lIn———— 19
¢=1In 2k, (19)
In an electric cable, r, = 0.

In metal pipes, r, is virtually the fluid-side thermal resistance:

1

= = 20
It hD, (20)

Thermal Conductivity ki,

Material Btu/h-ft-°F
Carbon steel (AISI 1020) 30
Aluminum 137
Copper (drawn) 225
Red brass (85 Cu-15 Zn) 92
Stainless steel (AISI 202) 10
Low-density polyethylene (LDPE) 0.18
High-density polyethylene (HDPE) 0.24
Cross-linked polyethylene (VPE or PEX) 0.22
Textile-reinforced rubber hose (HTRH) 0.17
Polypropylene block copolymer (PP-C) 0.13
Polypropylene random copolymer (PP-RC) 0.14

If the tube has multiple layers, Equations (18) or (19) should be
applied to each individual layer and then summed to calculate the
tube’s total thermal resistance. Thermal resistance of capillary tube
mats can also be calculated from either Equation (18) or (19). Typ-
ically, capillary tubes are circular, 1/12 in. in internal diameter, and
1/2 in. apart.

Capillary tube mats can be easily applied to existing ceilings in
a sand plaster cover layer.

If the tube material is nonmetallic, oxygen ingress may be a
problem, especially in panel heating. To avoid oxygen corrosion in
the heating system, either (1) tubing with an oxygen barrier layer,
(2) corrosion-inhibiting additives in the hydronic system, or (3) a
heat exchanger separating the panel circuit from the rest of the sys-
tem should be used.

Table 8 in Chapter 4 of the 2017 ASHRAE Handbook—Funda-
mentals may be used to calculate the forced-convection heat transfer
coefficient h. Table 2 gives values of k; for different tube and pipe
materials.

Effect of Floor Coverings

Active panel surface coverings like carpets and pads on the floor
can have a pronounced effect on a panel system’s performance. The
added thermal resistance r. reduces the panel surface heat flux. To
reestablish the required performance, the water temperature must be
increased (decreased in cooling). Thermal resistance of a panel cov-
ering is

re=— (21)

where
r. = thermal resistance of panel covering, ft2-
X = thickness of each panel covering, ft
k. = thermal conductivity of each panel cover, Btu/h-ft-°F

h-°F/Btu

If the active panel surface has more than one cover, individual r, values
should be added. Table 3 gives typical r., values for floor coverings.

If there are covered and bare floor panels in the same hydronic
system, it may be possible to maintain a sufficiently high water
temperature to satisfy the covered panels and balance the system
by throttling the flow to the bare slabs. In some instances, how-
ever, the increased water temperature required when carpeting is
applied over floor panels makes it impossible to balance floor
panel systems in which only some rooms have carpeting unless the
piping is arranged to permit zoning using more than one water
temperature.

Panel Heat Losses or Gains

Heat transferred from the upper surface of ceiling panels, the
back surface of wall panels, the underside of floor panels, or the
exposed perimeter of any panel is considered a panel heat loss (gain
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Table 3 Thermal Resistance of Floor Coverings

Thermal Resistance r,

Description ft2.h-°F/Btu
Bare concrete, no covering 0
Asphalt tile 0.05
Rubber tile 0.05
Light carpet 0.60
Light carpet with rubber pad 1.00
16 Light carpet with light pad 1.40
Light carpet with heavy pad 1.70
o4 — Heavy carpet 0.80
. - / .
o e / Heavy carpet with rubber pad 1.20
E INSULATION AT SLAB EDGE ONLY (d = 0} = Heavy carpet with light pad 1.60
- 13 Heavy carpet with heavy pad 1.90
i 3/8 in. hardwood 0.54
§ 12 5/8 in. wood floor (oak) 0.57
g HEAT LOSS = 1.8 Btu/h-ft-°F 1/2 in. oak parquet and pad 0.68
o WITH NO INSULATION Linoleum 0.12
g U Marble floor and mudset 0.18
E Rubber pad 0.62
Y 40 Prime urethane underlayment, 3/8 in. 1.61
u — 48 oz. waffled sponge rubber 0.78
5} * /
z oo o=t — Bonded urethane, 1/2 in. 2.09
o O ;
z oA Notes:
g / d 1. Carpet pad thickness should not be more than 1/4 in.
T 48 . R 2. Total thermal resistance of carpet is more a function of thickness than of fiber type.
= ’ / Y 3. Generally, thermal resistance (R-value) is approximately 2.6 times the total carpet
Z . -
= / thickness in inches.
g 07 4. Before carpet is installed, verify that the backing is resistant to long periods of con-
’ tinuous heat up to 120°F
06 AT = temperature difference, either t, — t, in electric heating or t, - t,
0.1 0.2 0.3 0.4 0.5 in hydronic heating, °F
CONDUCTANCE OF INSULATING MATERIAL, Btu/h-ft2-°F t, = operative temperature, °F
m=2+r/2ry

Fig. 8 Downward and Edgewise Heat Loss Coefficient for
Concrete Floor Slabs on Grade

in cooling). Panel heat losses (gains) are part of the building heat
loss (gain) if the heat transfer is between the panel and the outside
of the building. If heat transfer is between the panel and another
conditioned space, the panel heat loss (gain) is a positive condition-
ing contribution for that space instead. In either case, the magnitude
of panel loss (gain) should be calculated.

Panel heat loss (gain) to (from) space outside the conditioned
space should be kept to a reasonable amount by insulation. For
example, a floor panel may overheat the basement below, and a ceil-
ing panel may cause the temperature of a floor surface above it to be
too high for comfort unless it is properly insulated.

The heat loss from most panels can be calculated by using the
coefficients given in Table 1 in Chapter 26 of the 2017 ASHRAE
Handbook—Fundamentals. These coefficients should not be used
to determine downward heat loss from panels built on grade because
heat flow from them is not uniform (ASHAE 1956, 1957; Sartain
and Harris 1956). The heat loss from panels built on grade can be
estimated from Eigure 8 or from Equations (40) and (41) in Chapter
18 of the 2017 ASHRAE Handbook—Fundamentals.

Panel Performance
As with other electric or hydronic terminal units, panel perfor-
mance can be described by the following equation:
q=CAT|AT|™1 (22)

where
g = combined heat flux on panel surface, Btu/h- ft2
C = characteristic performance coefficient, Btu/h-ft2.°Fm

C and m for a particular panel may be either experimentally deter-
mined or calculated from the design material given in this chapter.
In either case, sufficient data or calculation points must be gathered
to cover the entire operational design range (ASHRAE Standard
138).

Radiant panel product performance data can be obtained from
the manufacturers. ASHRAE Standard 138 and European Stan-
dards EN 14240 and EN 14037 regulate the testing and rating
method for radiant panel cooling and heating performance. Euro-
pean Standards EN 1264 and EN 15377 regulate the testing meth-
ods for the embedded radiant heating and cooling systems.

1.3 PANEL DESIGN

Either hydronic or electric circuits control the active panel sur-
face temperature. The required effective surface temperature t,
necessary to maintain a combined heat flux q (where q = g, + q) at
steady-state design conditions can be calculated by using applicable
heat flux equations for g, and q., depending on the position of the
panel. At a given t,, AUST must be predicted first. Eigures 9 and 10
can also be used to find t, when g and AUST are known. The next
step is to determine the required average water (brine) temperature
t,, in a hydronic system. It depends primarily on t,,, tube spacing M,
and the characteristic panel thermal resistance r,,. Figure 9 provides
design information for heating and cooling panels, positioned either
at the ceiling or on the floor.

The combined heat flux for ceiling and floor panels can be read
directly from Eigure 9. Here g, is the combined heat flux on the
floor panel and g is the combined heat flux on the ceiling panel. For
an electric heating system, t,, scales correspond to the skin tempera-
ture of the cable. The following algorithm (TSI 1994) may also be
used to design and analyze panels under steady-state conditions:
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(t,—t,)M

—— +q(rytr.+rM
2Wn + D, q(p ¢t IM)

(23)

a=1,

ty = average skin temperature of tubing (electric cable), °F
g = combined heat flux on panel surface, Btu/h- ft2
ty = dry-bulb indoor air design temperature, °F. In floor-heated or
ceiling-cooled indoor spaces that have large fenestration, t, may
be replaced with AUST.
outside diameter of embedded tube or characteristic contact width
of attached heating or cooling element with panel (see Table 1), ft
M = on-center spacing of adjacent tubes (electric cables), ft
2W = net spacing between tubing (electric cables), M — D, ft
1 = fin efficiency, dimensionless

O
1

The first two terms in Equation (23) give the maximum (mini-
mum in cooling) value of the panel surface temperature profile; con-
sequently, if tube spacing M is too large, hot strips along the panel
surface may occur in heating, or local condensation occur on these
cold strips in sensible cooling mode.

_tanh(fW)

W (24)

n=LUfW forfw>2 (25)

The following equation, which includes transverse heat diffusion
in the panel and surface covers, may be used to calculate the fin
coefficient f:

2020 ASHRAE Handbook—HVAC Systems and Equipment

q 172

fort,=t, (26)

n
m(tp—ta)Zkixi
i=1

where
f = fin coefficient
m = 2+rc/2r,
n = total number of different material layers, including panel and
surface covers
characteristic thickness of each material layer i, ft
thermal conductivity of each layer i, Btu/h-ft-°F

Xi

ki

For a hydronic system, the required average water (brine) tem-
perature is

ty = (0 + gp)Mr + 1 @7)
where q, is the flux of back and perimeter heat losses (positive) in
a heated panel or gains (negative) in a cooling panel.

This algorithm may be applied to outdoor slab heating systems,
provided that the combined heat flux q is calculated according to
Chapter 51 in the 2015 ASHRAE Handbook—HVAC Applications,
with the following conditions: no snow, no evaporation, g (in panel
heating) = g, (radiation and convection heat flux in snow-melting
calculations). With a careful approach, outdoor slab cooling systems
may be analyzed by incorporating the solar radiation gain, thermal
radiation, and forced convection from the sky and ambient air.

ISO Standard 18566-2014 provides an in-depth description of
the design, installation, and control of radiant panels.
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Special Cases

Figure 9 may also be used for panels with tubing not embedded
in the panel:

* X, = 0if tubes are externally attached.

« In spring-clipped external tubing, D; = 0 and D, is the clip thick-
ness.

Warm air and electric heating elements are two design concepts
influenced by local factors. The warm-air system has a special cav-
ity construction where air is supplied to a cavity behind or under the
panel surface. The air leaves the cavity through a normal diffuser
arrangement and is supplied to the indoor space. Generally, these
systems are used as floor panels in schools and in floors subject to
extreme cold, such as in an overhang. Cold outdoor temperatures
and heating medium temperatures must be analyzed with regard to

potential damage to the building construction. Electric heating
elements embedded in the floor or ceiling construction and unitized
electric ceiling panels are used in various applications to provide
both full heating and spot heating of the space.

Examples

Residential heating applications usually consist of tubes or elec-
tric elements embedded in masonry floors or plaster ceilings. This
construction is suitable where loads are stable and building design
minimizes solar effects. However, in buildings where fenestration is
large and thermal loads change abruptly, the slow response, thermal
lag, and override effect of masonry panels are unsatisfactory. Metal
ceiling panels with low thermal mass respond quickly to load
changes (Berglund et al. 1982).

Panels are preferably located in the ceiling because it is exposed
to all other indoor surfaces, occupants, and objects in the condi-
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tioned indoor space. It is not likely to be covered, as floors are, and
higher surface temperatures can be maintained. Figure 10 gives
design data for ceiling and wall panels with effective surface tem-
peratures up to 300°F.

Example 1. An in-slab, on-grade panel (see Eigure 20) will be used for
both heating and cooling. M = 1 ft (12 in.), r, = 0.5 ft-h-°F/Btu, and r,/
Iy is less than 4. t, is 68°F in winter and 76°F in summer.
AUST is expected to be 2°F less than t, in winter heating and 1°F
higher than t, in summer cooling.
What is the average water temperature and effective floor tempera-
ture (1) for winter heating when q,, = 40 Btu/h-ftZ, and (2) for summer
cooling when —q, = 15 Btu/h-ft2?

Solution:
Winter heating

To obtain the average water temperature using Figure 9, start on the
left axis where g, = 40 Btu/h-ft2. Proceed right to the intersect r, = 0.5
and then down to the M = 12 in. line. The reading is AUST + 56, which
is the solid line value because ri/r, < 4. As stated in the initial problem,
AUST =t, - 2 or AUST = 68 - 2 = 66°F. Therefore, the average water
temperature would be t,, = 66 + 56 = 122°F.

To find the effective floor temperature, start at g, = 40 Btu/h-ft2 in
Figure 9 and proceed right to AUST = t, — 2°F. The solid line estab-
lishes 21°F as the temperature difference between the panel and the
indoor air. Therefore, the effective floor temperature t, =t, + 21 or t, =
68 + 21 = 89°F.

Summer cooling

Using Figure 9, start at the left axis at —q, = 15 Btu/h-ft?. Proceed
to r, = 0.5, and then up (for cooling) to M = 12 in., which reads t, — 23
or 76 — 23 = 53°F average water temperature for cooling.

To obtain the effective floor temperature at —q, = 15 Btu/h-ft2, pro-
ceed to AUST -ty = +1°F, which reads —11°F. Therefore, the effective
floor temperature is 76 — 11 = 65°F.

Example 2. An aluminum extrusion panel, which is 0.05 in. thick with
heat element spacing of M = 0.5 ft (6 in.), is used in the ceiling for heat-
ing. If a ceiling heat flux gy of 400 Btu/h-ft2 is required to maintain
room temperature t, at 70°F, what is the required heating element skin
temperature t; and effective panel surface temperature t,?

Solution:

Using Figure 10 enter the left axis heat flux gy at 400 Btu/h-ft2.
Proceed to the line corresponding to t, = 70°F and then move up to the
M = 6 in. line. The ceiling heating element temperature t, at the inter-
section point is 320°F. From the bottom axis of Figure 10, the effective
panel surface temperature t, is 265°F.

2. GENERAL DESIGN
CONSIDERATIONS

Principal advantages of panel systems are the following:

Because not only indoor air temperature but also mean radiant
temperature can be controlled, total human thermal comfort may
be better satisfied.

Because the operative temperature for required human thermal
comfort may be maintained by primarily controlling the mean
radiant temperature of the conditioned indoor space, dry-bulb air
temperature may be lower (in heating) or higher (in cooling),
which reduces sensible heating or cooling loads (see Chapter 16
for the definition and calculation of operative and mean radiant
temperatures).

Hydronic panel systems may be connected in series, following
other hydronic heating or cooling systems (i.e., their return water
may be used), increasing exergetic efficiency.

Comfort levels can be better than those of other space-conditioning
systems because thermal loads are satisfied directly and air
motion in the space corresponds to required ventilation only.
Waste and low-enthalpy energy sources and heat pumps may be
directly coupled to panel systems without penalty on equipment
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sizing and operation. Being able to select from a wide range of
moderate operation temperatures ensures optimum design for
minimum cost and maximum thermal and exergetic efficiency.
Seasonal thermal distribution efficiency in buildings may be
higher than in other hydronic systems.

In terms of simple payback period, ceiling cooling panels and
chilled beams have the highest technical energy savings potential
(DOE 2002).

Part or all of the building structure may be thermally activated
(Meierhans and Olesen 2002).

Space-conditioning equipment is not required at outdoor exposed
walls, simplifying wall, floor, and structural systems.

Almost all mechanical equipment may be centrally located, sim-
plifying maintenance and operation.

No space within the conditioned space is required for mechanical
equipment. This feature is especially valuable in hospital patient
rooms, offices, and other applications where space is at a premium,
if maximum cleanliness is essential or legally required.
Significantly reduced need for ductwork allows either lower
floor-to-floor heights (reducing fagade costs and overall building
height) or higher ceilings (an architecturally desirable feature).
Draperies and curtains can be installed at outdoor exposed walls
without interfering with the space-conditioning system.

When four-pipe systems are used, cooling and heating can be
simultaneous, without central zoning or seasonal changeover.
Supply air requirements usually do not exceed those required for
ventilation and humidity control.

Modular panels provide flexibility to meet changes in partitioning.
A 100% outdoor air system may be installed with smaller penal-
ties in refrigeration load because of reduced air quantities.

A common central air system can serve both the interior and
perimeter zones.

Wet-surface cooling coils are eliminated from the occupied space,
reducing the potential for septic contamination.

Modular panel systems can use the automatic sprinkler system
piping (see NFPA Standard 13, Section 3.6). The maximum water
temperature must not fuse the heads.

Panel heating and cooling with minimum supply air quantities
provide a draft-free environment.

Noise associated with fan-coil or induction units is eliminated.
Peak loads are reduced as a result of thermal energy storage in the
panel structure, as well as walls and partitions directly exposed to
panels.

Panels can be combined with other space-conditioning systems to
decouple several indoor requirements (e.g., humidity control,
indoor air quality, air velocity) and optimally satisfy them without
compromises.

In-floor heating creates inhospitable living conditions for house dust
mites compared to other heating systems (Sugawara et al. 1996).

Disadvantages include the following:

Response time can be slow if controls and/or heating elements are
not selected or installed correctly.

Improper selection of panel heating or cooling tube or electrical
heating element spacing and/or incorrect sizing of heating/cooling
source can cause nonuniform surface temperatures or insufficient
sensible heating or cooling capacity.

Radiant systems can satisfy only sensible heating and cooling
loads. In a stand-alone radiant cooling system, dehumidification
and surface condensation may be of prime concern and a second-
ary air-handling system must provide ventilation air and handle
latent loads.

Radiant systems in which the tubing is embedded in a building sur-
face or in the structural slab typically have a large exposed concrete
surface area. Additional acoustical treatments are often required to
reduce room reverberation time to a more desirable level.
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Fig. 11 Typical Residential Hybrid HVAC System

2.1 HYBRID SYSTEMS

In general, any HVAC system relies on a single heat transfer
mode as its major heat transfer mechanism. For example, central air
conditioning is a forced-convection system, and a high-intensity
radiant system operates almost purely with thermal radiation.
Additionally, every system has a typical range for satisfactory and
economical operation, with its own advantages, limitations, and dis-
advantages. A single system may not be sufficient to encompass all
requirements of a given building in the most efficient and econom-
ical way. Under these circumstances, it may be more desirable to
decouple several components of indoor space conditioning, and
satisfy them by several dedicated systems. A hybrid heating and
cooling system is an optimum partnership of multiple, collocated,
simultaneously operating heating and cooling systems, each of
which is based on one of the primary heat transfer modes (i.e., radi-
ation and convection). In its most practical form, hybrid heating and
cooling may consist of a radiant system and a forced-air system. The
forced-air component may be a central HVAC system or a hydronic
system such as fan-coils, as shown in Eigure 11. Here, a panel sys-
tem is added downstream of the condensing fan-coils, and ventila-
tion is provided by a separate system with substantially reduced
duct size. Dehumidification and ventilation problems that may be
associated with stand-alone panel cooling systems may be elimi-
nated by hybrid HVAC systems.

ASHRAE research project RP-1140 (Scheatzle 2003) success-
fully demonstrates the use of panel systems for both heating and
cooling, in conjunction with a forced-convection system, to eco-
nomically achieve year-round thermal comfort in a residence using
both active and passive performance of the building and a ground-
source heat pump. Skylighting, an energy recovery ventilator, and
packaged dehumidifiers were also used. Twenty-four-month-long
tests indicated that a radiant/convective system can offer substantial
cost savings, given proper design and control.

3. RADIANT HEATING AND
COOLING SYSTEMS

The following are the most common forms of panels applied in
radiant heating and cooling systems:

« Hydronic ceiling panels

« Embedded tubing in ceilings, walls, or floors
« Electric ceiling panels for heating only

« Electrically heated ceilings or floors

3.1 HYDRONIC CEILING PANELS

Metal ceiling panels can be integrated into a system that heats
and cools. In such a system, a source of dehumidified ventilation
air is required in summer, so the system is classed as an air-and-
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water system. Also, various amounts of forced air are supplied
year-round. When metal panels are applied for heating only, a ven-
tilation system may be required, depending on local codes.

Ceiling panel systems are an outgrowth of perforated metal, sus-
pended acoustical ceilings. These ceiling panel systems are usually
designed into buildings where the suspended acoustical ceiling can
be combined with panel heating and cooling. The panels can be
designed as small units to fit the building module, which provides
extensive flexibility for zoning and control, or the panels can be ar-
ranged as large continuous areas for maximum economy. Some ceil-
ing installations require active panels to cover only part of the
indoor space and compatible matching acoustical panels for the re-
maining ceiling area.

Three types of metal ceiling systems are available. The first con-
sists of light aluminum panels, usually 12 by 24 in., attached in the
field to 0.5 in. galvanized pipe coils. Figure 12 shows a metal ceiling
panel system that uses 0.5 in. pipe laterals on 6, 12, or 24 in. centers,
hydraulically connected in a sinuous or parallel-flow welded sys-
tem. Aluminum ceiling panels are clipped to these pipe laterals and
act as a heating panel when warm water is flowing or as a cooling
panel when chilled water is flowing.

The second type of panel consists of a copper coil secured to the
aluminum face sheet to form a modular panel. Modular panels are
available in sizes up to about 36 by 60 in. and are held in position by
various types of ceiling suspension systems, most typically a stan-
dard suspended T-bar 24 by 48 in. exposed grid system. Figure 13
shows metal panels using a copper tube pressed into an aluminum
extrusion, although other methods of securing the copper tube have
proven equally effective.

Metal ceiling panels can be perforated so that the ceiling becomes
sound absorbent when acoustical material is installed on the back of
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the panels. The acoustical blanket is also required for thermal rea-
sons, so that reverse loss or upward flow of heat from the metal ceil-
ing panels is minimized.

The third type of panel is an aluminum extrusion face sheet with
a copper tube mechanically fastened into a channel housing on the
back. Extruded panels can be manufactured in almost any shape and
size. Extruded aluminum panels are often used as long, narrow pan-
els at the outside wall and are independent of the ceiling system. Pan-
els 15 or 20 in. wide usually satisfy a typical office building’s heating
requirements. Lengths up to 20 ft are available. Figure 14 shows
metal panels using a copper tube pressed into an aluminum extru-
sion. Some manufacturers also use graphite as a panel material.

Performance data for extruded aluminum panels vary with the
copper tube/aluminum contact and test procedures used. Hydronic
ceiling panels have a low thermal resistance and respond quickly to
changes in space conditions. Table 1 gives thermal resistance values
for various ceiling constructions.

Metal ceiling panels can be used with any of the all-air cooling
systems described in Chapter 2. Chapters 17 and 18 of the 2017
ASHRAE Handbook—Fundamentals describe how to calculate
heating loads. Double-glazing and heavy insulation in outside walls
reduce transmission heat losses. As a result, infiltration and reheat
have become of greater concern. Additional design considerations
include the following:

 Perimeter radiant heating panels extending not more than 3 ft into
the indoor space may operate at higher temperatures, as described
in the section on Hydronic Panel Systems.

Hydronic panels operate efficiently at low temperature and are
suitable for condenser water heat reclaim systems.

Locate ceiling panels adjacent to the outside wall and as close as
possible to the areas of maximum load. The panel area within 3 ft
of the outside wall should have a heating capacity equal to or
greater than 50% of the wall transmission load.

Ceiling system designs based on passing return air through perfo-
rated modular panels into the plenum space above the ceiling are
not recommended because much of this heat is lost to the return
air system in heating mode.

When selecting heating design temperatures for a ceiling panel
surface or average water temperature, the design parameters are
as follows:

» Excessively high temperatures over the occupied zone will
cause the occupant to experience a “hot head effect.”

COPPER TUBE REFORMED INTO SADDLEE

CROSS SECTIONS

ISOMETRIC

Fig. 14 Extruded Aluminum Panels with
Integral Copper Tube
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« Temperatures that are too low can result in an oversized, un-
economical panel and a feeling of coolness at the outside wall.

« Give ceiling panel location priority.

« With normal ceiling heights of 8 to 9 ft, panels less than 3 ft
wide at the outside wall can be designed for 235°F surface
temperature. If panels extend beyond 3 ft into the indoor
space, the panel surface temperature should be limited to the
values as given in Figure 15.

« Allow sufficient space above the ceiling for installation and con-
nection of the piping that forms the panel ceiling.

« Hydronic ceiling panels provide a fast-response system (Watson
et al. 1998).

Metal acoustic panels provide heating, cooling, sound absorp-
tion, insulation, and unrestricted access to the plenum space. They
are easily maintained, can be repainted to look new, and have a life
expectancy in excess of 30 years. The system is quiet, comfortable,
draft-free, easy to control, and responsive. The system is a basic air-
and-water system.

Metal heating panels, hydronic and electric, are applied to build-
ing perimeter spaces for heating in much the same way as finned-
tube convectors. They can also be integrated into the ceiling design
to provide a narrow band of panel heating around the perimeter of
the building. The panel system offers advantages over baseboard or
overhead air in appearance, comfort, operating efficiency and cost,
maintenance, and product life.

ASHRAE Standard 138 discusses testing and rating of ceiling
panels.

3.2 EMBEDDED SYSTEMS WITH TUBING IN
CEILINGS, WALLS, OR FLOORS

Layout and design of embedded systems for heating and cooling
begin early in the job. The type and location chosen influences the
design and, conversely, thermal considerations may dictate which
system type to use. ISO Standard 11855-2012 provides an in-depth
description of the design, installation, and control of embedded
radiant systems. One of the following types of construction is gen-
erally used:

* Pipe or tube is embedded in the lower portion of a concrete slab,
generally within 1 in. of its lower surface (Eigure 16). If plaster is
to be applied to the concrete, the piping may be placed directly on
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the wood forms. If the slab is to be used without plaster finish, the
piping should be installed not less than 0.75 in. above the under-
surface of the slab. The minimum coverage must comply with
local building code requirements.

Pipe or tube is embedded in a metal lath and plaster ceiling. If the
lath is suspended to form a hung ceiling, the lath and heating coils
are securely wired to the supporting members so that the lath is
below, but in good contact with, the coils. Plaster is then applied to
the metal lath, carefully embedding the coil as shown in Eigure 17.
Smaller-diameter copper or thermoplastic tube is attached to the
underside of wire or gypsum lath. Plaster is then applied to the
lath to embed the tube, as shown in Figure 18.

Other forms of ceiling construction are composition board, wood
paneling, etc., with warm-water piping, tube, or channels built
into the panel sections.

Coils are usually laid in a sinusoidal pattern, although some
header or grid-type coils have been used in ceilings. Coils are typi-
cally thermoplastic tube, spaced from 4 to 12 in. on centers, depend-
ing on the required heat flux, pipe or tube size, and other factors.

Where plastering is applied to pipe coils, a standard three-coat
gypsum plastering specification is followed, with a minimum of
3/8 in. of cover below the tubes when they are installed below the
lath. Generally, the surface temperature of plaster panels should not
exceed 120°F, which may be satisfied by limiting the average water
temperature to a maximum temperature of 140°F.

Insulation should be placed above the coils to reduce back loss,
which is the difference between heat supplied to the coil and net use-
ful heat output to the heated indoor space.

To protect the plaster installation and to ensure proper air dry-
ing, heat must not be applied to the panels for two weeks after all
plastering work has been completed. When the system is started
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for the first time, water supplied to the panels should not be more
than 20°F above the prevailing indoor air temperature and not in
excess of 90°F.

Water should be circulated at this temperature for about two
days, and then increased at a rate of about 5°F per day to 140°F.

During the air-drying and preliminary warm-up periods, there
should be adequate ventilation to carry moisture from the panels. No
paint or paper should be applied to the panels before these periods
have been completed or while the panels are being operated. After
paint and paper have been applied, an additional shorter warm-up
period, similar to first-time starting, is also recommended.

Hydronic Wall Panels

Although piping embedded in walls is not as widely used as floor
and ceiling panels, it can be constructed by any of the methods out-
lined for ceilings or floors. Its design is similar to other hydronic
panels (see Equations [22] to [26]). Equations (5) and (12) give the
heat flux at the surface of wall panels.

Hydronic Floor Panels

Interest has increased in floor heating with the introduction of
nonmetallic tubing and new design, application, and control tech-
niques. Whichever method is used for optimum floor output and
comfort, it is important that heat be evenly distributed over the floor.
Spacing is generally 4 to 12 in. on centers for the coils. Wide spacing
under tile or bare floors can cause uneven surface temperatures.

Embedded Tubes or Pipes in Concrete Slab. Thermoplastic,
rubber, ferrous, and nonferrous pipes, or composite tubes (e.g.,
thermoplastic tubes with aluminum sleeves) are used in floor slabs
that rest on grade. Hydronic coils are constructed as sinusoidal-
continuous coils or arranged as header coils with a spacing of 6 to
18 in. on centers. The coils are generally installed with 1.5 to 4 in.
of cover above them. Insulation is recommended to reduce perim-
eter and back losses where the outer surface is exposed to the exte-
rior. Eigure 19 shows application of hydronic coils in slabs resting
on grade. Coils should be embedded completely and should not
rest on an interface. Any supports used for positioning heating
coils should be nonabsorbent and inorganic. Reinforcing steel,
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Fig. 20 Embedded Tube in Thin Slab

angle iron, pieces of pipe or stone, or concrete mounds can be
used. No wood, brick, concrete block, or similar materials should
support coils. A waterproofing layer is desirable to protect insula-
tion and piping.

Where coils are embedded in structural load-supporting slabs
above grade, construction codes may affect their position. Otherwise,
the coil piping is installed as described for slabs resting on grade.

Embedded systems may fail sometime during their life. Adequate
valves and properly labeled drawings help isolate the point of failure.

Suspended Floor Tubing or Piping. Piping may be applied on or
under suspended wood floors using several construction methods.
Piping may be attached to the surface of the floor and embedded in
a layer of concrete or gypsum, mounted in or below the subfloor, or
attached directly to the underside of the subfloor using metal panels
to improve heat transfer from the piping. An alternative method is to
install insulation with a reflective surface and leave an air gap of 2 to
4 in. to the subfloor. Whichever method is used for optimum floor
output and comfort, it is important that heat be evenly distributed
throughout the floor. Tubing generally has a spacing of 4to 12 in. on
centers. Wide spacing under tile or bare floors can cause uneven sur-
face temperatures.

Figure 20 depicts construction with piping embedded in con-
crete or gypsum. The embedding material is generally 1 to 2 in.
thick when applied to a wood subfloor. Gypsum products specifi-
cally designed for floor heating can generally be installed 1 to
1.5in. thick because they are more flexible and crack-resistant
than concrete. When concrete is used, it should be of structural
quality to reduce cracking caused by movement of the wood frame
or shrinkage. The embedding material must provide a hard, flat,
smooth surface that can accommodate a variety of floor covers.

As shown in Figure 21, tubing may also be installed in the
subfloor. The tubing is installed on top of the rafters between the
subflooring members. Heat diffusion and surface temperature can
be improved uniformly by adding metal heat transfer plates, which
spread heat beneath the finished flooring.

A third construction option is to attach the tube to the underside
of the subfloor with or without metal heat transfer plates. The con-
struction is depicted in Figure 22.

Transfer from the hot-water tube to the surface of the floor is the
important consideration in all cases. The floor surface temperature
affects the actual heat transfer to the space. Any hindrance between
the heated water tube and the floor surface reduces system effective-
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ness. The method that transfers and spreads heat evenly through the
subfloor with the least resistance produces the best results.

3.3 ELECTRICALLY HEATED RADIANT
SYSTEMS

Several panel systems convert electrical energy to heat, raising
the temperature of conditioned indoor surfaces and the indoor air.
These systems are classified by the temperature of the heated sys-
tem. Higher-temperature surfaces require less area to maintain
occupant comfort. Surface temperatures are limited by the ability of
the materials to maintain their integrity at elevated temperatures.
The maximum effective surface temperature of floor panels is lim-
ited to what is comfortable to occupants’ feet.

Electric Ceiling Panels

Prefabricated Electric Ceiling Panels. These panels are avail-
able in sizes 1 to 6 ft wide by 2 to 12 ft long by 0.5 to 2 in. thick.
They are constructed with metal, glass, or semirigid fiberglass board
or vinyl. Heated surface temperatures range from 100 to 300°F, with
corresponding heat fluxes ranging from 25 to 100 W/ft2 for 120 to
480 V services.

A panel of gypsum board embedded with insulated resistance wire
is also available. It is installed as part of the ceiling or between joists
in contact with a ceiling. Heat flux is limited to 22 W/ft? to maintain
the board’s integrity by keeping the heated surface temperature below
100°F. Nonheating leads are furnished as part of the panel.

Some panels can be cut to fit; others must be installed as re-
ceived. Panels may be either flush or surface-mounted, and in some
cases, they are finished as part of the ceiling. Rigid 2 by 4 ft panels
for lay-in ceilings (Eigure 23) are about 1 in. thick and weigh from
6 to 25 Ib. Typical characteristics of an electric panel are listed in
Table 4. Panels may also be (1) surface-mounted on gypsum board
and wood ceilings or (2) recessed between ceiling joists. Panels
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range in size from 4 ft wide to 8 ft long. Their maximum power out-
put is 95 W/ft2.

Electric Ceiling Panel Systems. These systems are laminated
conductive coatings, printed circuits, or etched elements nailed to
the bottom of ceiling joists and covered by 1/2 in. gypsum board.
Heat flux is limited to 18 W/ft2. In some cases, the heating element
can be cut to fit available space. Manufacturers’ instructions specify
how to connect the system to the electric supply. Appropriate codes
should be followed when placing partitions, lights, and air grilles
adjacent to or near electric panels.

Electric Cables Embedded in Ceilings. Electric heating cables
for embedded or laminated ceiling panels are factory-assembled
units furnished in standard lengths of 75 to 1800 ft. These cable
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lengths cannot be altered in the field. The cable assemblies are nor-
mally rated at 2.75 W per linear foot and are supplied in capacities
from 200 to 5000 W in roughly 200 W increments. Standard cable
assemblies are available for 120, 208, and 240 V. Each cable unit is
supplied with 7 ft nonheating leads for connection at the thermostat
or junction box.

Electric cables for panel heating have electrically insulated
sleeves resistant to medium temperature, water absorption, aging
effects, and chemical action with plaster, cement, or ceiling lath
material. This insulation is normally made of polyvinyl chloride
(PVC), which may have a nylon jacket. The thickness of the insula-
tion layer is usually about 0.12 in.

For plastered ceiling panels, the heating cable may be stapled to
gypsum board, plaster lath, or similar fire-resistant materials with
rust-resistant staples (Eigure 24). With metal lath or other conduct-
ing surfaces, a coat of plaster (brown or scratch coat) is applied to
completely cover the metal lath or conducting surface before the
cable is attached. After the lath is fastened on and the first plaster
coat is applied, each cable is tested for continuity of circuit and for
insulation resistance of at least 100 k@ measured to ground.

The entire ceiling surface is finished with a cover layer of ther-
mally noninsulating sand plaster about 0.50 to 0.75 in. thick, or
other approved noninsulating material applied according to manu-
facturer’s specifications. The plaster is applied parallel to the heat-
ing cable rather than across the runs. While new plaster is drying,
the system should not be energized, and the range and rate of tem-
perature change should be kept low by other heat sources or by ven-
tilation until the plaster is thoroughly cured. Vermiculite or other
insulating plaster causes cables to overheat and is contrary to code
provisions.

For laminated drywall ceiling panels, the heating cable is
placed between two layers of gypsum board, plasterboard, or other
thermally noninsulating fire-resistant ceiling lath. The cable is sta-
pled directly to the first (or upper) lath, and the two layers are held
apart by the thickness of the heating cable. It is essential that the

ALUMINUM - .
FRAME space between the two layers of lath be completely filled with a
noninsulating plaster or similar material. This fill holds the cable
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Table 4 Characteristics of Typical Electric Panels

Resistor material
Relative heat intensity

Graphite or nichrome wire
Low, 50 to 125 W/ft?

Resistor temperature 180 to 350°F
Envelope temperature (in use) 160 to 300°F
Thermal-radiation-generating ratio? 0.7 to 0.8

Response time (heat-up) 240 to 600 s

Luminosity (visible light) None

Thermal shock resistance Excellent
Vibration resistance Excellent
Impact resistance Excellent
Resistance to drafts or wind? Poor
Mounting position Any

Envelope material
Color blindness
Flexibility

Steel alloy or aluminum

Very good

Good—wide range of heat flux,
length, and voltage practical

Life expectancy Over 10,000 h

@Ratio of radiation heat flux to input power density (elements only).
bMay be shielded from wind effects by louvers, deep-drawn fixtures, or both.

the finished ceiling. Failure to fill the space between the two layers
of plasterboard completely may allow the cable to overheat in the
resulting voids and may cause cable failure. The plaster fill should
be applied according to manufacturer’s specifications.

Electric heating cables are ordinarily installed with a 6 in. non-
heating border around the periphery of the ceiling. An 8 in. clear-
ance must be provided between heating cables and the edges of the
outlet or junction boxes used for surface-mounted lighting fixtures.
A 2 in. clearance must be provided from recessed lighting fixtures,
trim, and ventilating or other openings in the ceiling.

Heating cables or panels must be installed only in ceiling areas
that are not covered by partitions, cabinets, or other obstructions.
However, it is permissible for a single run of isolated embedded
cable to pass over a partition.

The National Electrical Code® (NFPA Standard 70) requires
that all general electrical power and lighting wiring be run above the
thermal insulation or at least 2 in. above the heated ceiling surface,
or that the wiring be derated.

In drywall ceilings, the heating cable is always installed with the
cable runs parallel to the joist. A 2.5 in. clearance between adjacent
cable runs must be left centered under each joist for nailing. Cable
runs that cross over the joist must be kept to a minimum. Where pos-
sible, these crossings should be in a straight line at one end of the
indoor space

For cable having a heat flux of 2.75 W/ft, the minimum permis-
sible spacing is 1.5 in. between adjacent runs. Some manufacturers
recommend a minimum spacing of 2 in. for drywall construction.

The spacing between adjacent runs of heating cable can be deter-
mined using the following equation:

M =12A,/C (28)

where
M = cable spacing, in.
A, = net panel heated area, ft2
C = length of cable, ft

Net panel area A, in Equation (28) is the net ceiling area available
after deducting the area covered by the nonheating border, lighting
fixtures, cabinets, and other ceiling obstructions. For simplicity,
Equation (28) contains a slight safety factor, and small lighting fix-
tures are usually ignored in determining net ceiling area.

Electrical resistance of the electric cable must be adjusted

according to its temperature at design conditions (Ritter and Kilkis
1998):
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where
R = electrical resistance of electric cable at standard temperature
(68°F), Q/ft
o, = thermal coefficient for material resistivity, °F -1
o, = thermal expansion coefficient, °F -1
ty = surface temperature of electric cable at operating conditions [see
Equation (23)], °F

The 2.5 in. clearance required under each joist for nailing in dry-
wall applications occupies one-fourth of the ceiling area if the joists
are 16 in. on centers. Therefore, for drywall construction, the net
area A, must be multiplied by 0.75. Many installations have a spac-
ing of 1.5 in. for the first 2 ft from the cold wall. Remaining cable is
then spread over the balance of the ceiling.

Electric Wall Heating

Cable embedded in walls similar to ceiling construction is used in
Europe. Because of possible damage from nails driven for hanging
pictures or from building alterations, most U.S. codes prohibit such
panels. Some of the prefabricated panels described in the preceding
section are also used for wall panel heating.

Electric Floor Heating

Electric heating cable assemblies such as those used for ceiling
panels are sometimes used for concrete floor heating systems.
Because the possibility of cable damage during installation is
greater for concrete floor slabs than for ceiling panels, these assem-
blies must be carefully installed. After the cable has been placed, all
unnecessary traffic should be eliminated until the concrete layer has
been placed and hardened.

Preformed mats are sometimes used for electric floor slab heat-
ing systems. These mats usually consist of PVC-insulated heating
cable woven into or attached to metallic or glass fiber mesh. Such
mats are available as prefabricated assemblies in many sizes from 2
to 100 ft2 and with heat fluxes from 15 to 25 W/ft2. When mats are
used with a thermally treated cavity beneath the floor, a heat storage
system is provided, which may be controlled for off-peak heating.

Mineral-insulated (MI) heating cable is another effective method
of slab heating. MI cable is a small-diameter, highly durable, flexi-
ble heating cable composed of solid electric-resistance heating wire
or wires surrounded by tightly compressed magnesium oxide elec-
trical insulation and enclosed by a metal sheath. Ml cable is avail-
able in stock assemblies in a variety of standard voltages, heat fluxes
(power densities), and lengths. A cable assembly consists of the
specified length of heating cable, waterproof hot-cold junctions, 7 ft
cold sections, UL-approved end fittings, and connection leads. Sev-
eral standard MI cable constructions are available, such as single
conductor, twin conductor, and double cable. Custom-designed Ml
heating cable assemblies can be ordered for specific installations.

Other outer-sleeve materials that are sometimes specified for
electric floor heating cable include (1) silicone rubber, (2) lead, and
(3) tetrafluoroethylene (Teflon®).

For a given floor heating cable assembly, the required cable
spacing is determined from Equation (24). In general, cable heat
flux and spacing should be such that floor panel heat flux is not
greater than 15 W/ft2. Check the latest edition of the National
Electrical Code® (NFPA Standard 70) and other applicable codes
to obtain information on maximum panel heat flux and other
required criteria and parameters.

Floor Heating Cable Installation. When PVC-jacketed electric
heating cable is used for floor heating, the concrete slab is laid in
two pours. The first pour should be at least 3 in. thick and, where
practical, should be insulating concrete to reduce downward heat
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Fig. 25 Electric Heating Cable in Concrete Slab

loss. For a proper bond between the layers, the finish slab should be
placed within 24 h of the first pour, with a bonding grout applied.
The finish layer should be between 1.5 and 2 in. thick. This top layer
must not be insulating concrete. At least 1 in. of perimeter insulation
should be installed as shown in Figure 25.

The cable is installed on top of the first pour of concrete no closer
than 2 in. from adjoining walls and partitions. Methods of fastening
the cable to the concrete include the following:

« Staple the cable to wood nailing strips fixed in the surface of the
rough slab. Daubs of cement, plaster of paris, or tape maintain the
predetermined cable spacing.

« In light or uncured concrete, staple the cable directly to the slab
using hand-operated or powered stapling machines.

« Nail special anchor devices to the first slab to hold the cable in
position while the top layer is being poured.

Preformed mats can be embedded in the concrete in a continuous
pour. The mats are positioned in the area between expansion and/or
construction joints and electrically connected to a junction box. The
slab is poured to within 1.5 to 2 in. of the finished level. The surface
is rough-screeded and the mats placed in position. The final cap is
applied immediately. Because the first pour has not set, there is no
adhesion problem between the first and second pours, and a mono-
lithic slab results. A variety of contours can be developed by using
heater wire attached to glass fiber mats. Allow for circumvention of
obstructions in the slab.

Ml electric heating cable can be installed in concrete slab using
either one or two pours. For single-pour applications, the cable is
fastened to the top of the reinforcing steel before the pour is started.
For two-layer applications, the cable is laid on top of the bottom
structural slab and embedded in the finish layer. Proper spacing
between adjacent cable runs is maintained by using prepunched
copper spacer strips nailed to the lower slab.

4. DESIGN PROCEDURE

Panel design requires determining panel area, type, and arrange-
ment as well as the supply water temperature and flow rate. Panel
performance is directly related to indoor space conditions. Air-side
design also must be established. Heating and cooling loads may be
calculated by procedures covered in Chapters 17 and 18 of the 2017
ASHRAE Handbook—Fundamentals. For cooling load calculations,
the procedure based on the heat balance (HB) method is recom-
mended, because other simplified methods developed for all-air
systems (such as the radiant time series [RTS] method) are not as
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appropriate for radiant-system applications (Feng et al. 2013b,
2014). The procedure is as follows:

Sensible Cooling

1. Determine indoor design dry-bulb temperature, relative humid-
ity, and dew point.

. Calculate sensible and latent heat gains.

. Establish minimum supply air quantity for ventilation.

. Calculate latent cooling available from supply air.

. Calculate sensible cooling available from supply air.

. Determine remaining sensible cooling load to be satisfied by
panel system.

7. Determine minimum permissible effective cooling panel sur-
face temperature that will not lead to surface condensation at
design conditions.

8. Determine AUST.

9. Determine necessary panel area for remaining sensible cool-
ing.

10. Determine average panel cooling water (brine) temperature for
given tube spacing, or determine necessary tube spacing if aver-
age panel cooling water (brine) temperature is known.

DO WN

Sensible Heating

1. Designate indoor design dry-bulb temperature for panel heating.

2. Calculate room heat loss.

3. Determine AUST. Use Equation (14) to find surface tempera-
tures of exterior walls and exposed floors and ceilings. Interior
walls are assumed to have surface temperatures equal to indoor
air temperature.

4. Calculate required effective surface temperature of panel. Refer
to Figures 9 and 10 if AUST does not greatly differ from indoor
air temperature. Otherwise, use Equations (5), (9), (10), (11),
and (12) or refer to Figures 1 and 3.

5. Determine panel area. Refer to Figures 9 and 10 if AUST does
not vary greatly from indoor air temperature.

6. Refer to manufacturers’ data for panel surface temperatures
higher than those given in Figures 9 and 10. For panels with sev-
eral covers, average temperature of each cover and effective
panel surface temperature must be calculated and compared to
temperature-withstanding capacity for continuous operation of
every cover material. For this purpose, Equation (23) may be
used: add thermal resistances of all cover layers between panel
surface and cover layer in question, then multiply by q and add
to first two terms in Equation (23). This is t,,,, approximated tem-
perature of the particular layer at design.

7. Determine tube spacing for a given average water temperature or
select electric cable properties or electric mat size.

8. In ahydronic panel system, if tube spacing is known, determine
required average water temperature.

9. Design panel arrangement.

Other Steps Common for Sensible Heating and Cooling

1. Check thermal comfort requirements in the following steps (see
Chapter 9 of the 2017 ASHRAE Handbook—Fundamentals and
NRB [1981]).

(a) Determine occupant’s clothing insulation value and
metabolic rate (see Tables 4, 7, 8, and 9 in Chapter 9 of the
2017 ASHRAE Handbook—Fundamentals).

(b) Determine optimum operative temperature at coldest point
in conditioned space (see the Comfort Equations for Radiant
Heating section in Chapter 9 of the 2017 ASHRAE
Handbook—Fundamentals. Note that the same equations may
be adopted for panel cooling).

(c) Determine MRT at the coldest point in the conditioned
space (see Chapter 16 and Fanger [1972]).

Note: If indoor air velocity is less than 1.3 fps and MRT is less



6.18

than 122°F, operative temperature may be approximated as
the average of MRT and t,.

(d) From the definition of operative temperature, establish
optimum indoor design air temperature at coldest point in the
room. If optimum indoor design air temperature varies greatly
from designated design temperature, designate a new
temperature.

(e) Determine MRT at hottest point in conditioned space.

(f) Calculate operative temperature at hottest point in
conditioned space.

(9) Compare operative temperatures at hottest and coldest
points. For light activity and normal clothing, the acceptable
operative temperature range is 68 to 75°F (see NRB [1981]
and ANSI/ASHRAE Standard 55-2013). If the range is not
acceptable, the panel system must be modified.

(h) Calculate radiant temperature asymmetry (NRB 1981).
Acceptable ranges are less than 9°F for warm ceilings, 27°F
for cool ceilings, 18°F for cool walls, and 49°F for warm walls
at 10% local discomfort dissatisfaction (ANSI/ASHRAE
Standard 55-2013).

. Determine water flow rate and pressure drop. Refer to manufac-
turers’ guides for specific products, or use the guidelines in
Chapter 22 of the 2017 ASHRAE Handbook—Fundamentals.
Chapter 13 of this volume also has information on hydronic heat-
ing and cooling systems.

. The supply and return manifolds must be carefully designed. If
there are circuits of unequal coil lengths, the following equation
may be used (Hansen 1985; Kilkis 1998) for a circuit i connected
to a manifold with n circuits:

Qi= (Leq/Li)l/erot (30)

where

-r
n

Leg [ZLi—V'} ft
i=1

Q; = flow rate in circuit i, gpm
Qot = total flow rate in supply manifold, gpm
L; = coil length of hydronic circuit i, ft
r = 1.75 for hydronic panels (Siegenthaler 1995)

Application, design, and installation of panel systems have cer-
tain requirements and techniques:

« As with any hydronic system, look closely at the piping system
design. Piping should be designed to ensure that water of the
proper temperature and in sufficient quantity is available to every
grid or coil at all times. Proper piping and system design should
minimize the detrimental effects of oxygen on the system.
Reverse-return systems should be considered to minimize balanc-
ing problems.

Hydronic panels can be used with two- and four-pipe distribution
systems. Figure 26 shows a typical system arrangement. Itis com-
mon to design for a 20°F temperature drop for heating across a
given grid and a 5°F rise for cooling, but larger temperature dif-
ferentials may be used, if applicable.

Individual panels can be connected for parallel flow using head-
ers, or for sinuous or serpentine flow. To avoid flow irregularities
in a header-type grid, the water channel or lateral length should
be greater than the header length. If the laterals in a header grid
are forced to run in a short direction, using a combination series-
parallel arrangement can solve this problem. Serpentine flow
ensures a more even panel surface temperature throughout the
heating or cooling zone.

Noise from entrained air, high-velocity or high-pressure-drop
devices, or pump and pipe vibrations must be avoided. Water
velocities should be high enough to prevent separated air from

.
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accumulating and causing air binding. Where possible, avoid
automatic air venting devices over ceilings of occupied spaces.
Design piping systems to accept thermal expansion adequately.
Do not allow forces from piping expansion to be transmitted to
panels. Thermal expansion of ceiling panels must be considered.
In hydronic systems, thermoplastic, rubber tubes, steel, or copper
pipes are used widely in ceiling, wall, or floor panel construction.
Where coils are embedded in concrete or plaster, no threaded
joints should be used for either pipe coils or mains. Steel pipe
should be the all-welded type. Copper tubing should be a soft-
drawn coil. Fittings and connections should be minimized. Bend-
ing should be used to change direction. Solder-joint fittings for
copper tube should be used with a medium-temperature solder of
95% tin, 5% antimony, or capillary brazing alloys. All piping
should be subjected to a hydrostatic test of at least three times the
working pressure. Maintain adequate pressure in embedded pip-
ing while pouring concrete.
Placing the thermostat on a wall where it can observe both the out-
door exposed wall and the warm panel should be considered. The
normal thermostat cover reacts to the warm panel, and thermal
radiation from the panel to the cover tends to alter the control
point so that the thermostat controls 2 to 3°F lower when the out-
door temperature is a minimum and the panel temperature is a
maximum. Experience indicates that panel-heated spaces are
more comfortable under these conditions than when the thermo-
stat is located on a back wall.
If throttling valve control is used, either the end of the main
should have a fixed bypass, or the last one or two rooms on the
mains should have a bypass valve to maintain water flow in the
main. Thus, when a throttling valve modulates, there will be a
rapid response.
When selecting heating design temperatures for a ceiling panel
surface, the design parameters are as follows:
« Excessively high temperatures over the occupied zone cause
the occupant to experience a “hot head effect.”
» Temperatures that are too low can result in an oversized, un-
economical panel and a feeling of coolness at the outside wall.
« Locate ceiling panels adjacent to perimeter walls and/or areas
of maximum load.
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» With normal ceiling heights of 8 to 9 ft, panels less than 3 ft
wide at