For Reference

777

+

@
Z
=
@

Not to be taken from this room




A Design Guide for

Energy-Efficient
Research Laboratories

f Prepared By:
Lawrence Berkeley National Laboratory
Center for Building Science

Applications Team

Principal Investigator:

Evan Mills, Ph.D.

Authors:

Geoffrey C. Bell, P.E.

with

Evan Mills, Ph.D.

Dale Sartor, P.E.
Doug Avery
Michael Siminovitch, Ph.D.

Mary Ann Piette

LBNL-PUB-777 09/24/96






A Design Guide for Energy-Efficient Research Laboratories
Prepared By:
Lawrence Berkeley National Laboratory, Center for Building Science, Applications Team
University of California, Berkeley, CA 94720
Acknowledgments:
Authors: Geoffrey C. Bell, P.E.

with: Evan Mills, Ph.D., Dale Sartor, P.E., Doug Avery, Michael Siminovitch, Ph.D., Mary Ann Piette

Technical Review:
Victor A. Neuman, P.E., Doug Lockhart, P.E., Steve Greenberg, P.E., Kifah Jayyousi, P.E.
Editors:

Nancy Wishner, Allan Chen, Laural Cook

CIEE Technical Liaison:

Karl Brown

Special Thanks to:
Southern California Edison Company
John Bunnell

Michael Sullivan

University of California at irvine

Wendell Brase
Vice Chancellor, Administrative and Business Services

Rebekah G. Gladson, AlA
Assistant Vice Chancellor, Design and Construction Services

Larry R. Givens, P.E.
Assistant Vice Chancellor, Facilities Management Department

for technical contributions including arranging participation in the value engineering process for the UCI
Medical Center, Academic Laboratory Building

This work was supported by the California Institute for Energy Efficiency (CIEE), a research unit of the
University of California, through the U.S. Department of Energy under contract No. DE-AC03-76SF00098






FOREWORD

A Design Guide for Energy-Efficient Research Laboratories -- is intended to assist facility owners,
architects, engineers, designers, facility managers, and utility demand-side management specialists in
identifying and applying advanced energy-efficiency features in laboratory-type environments. This Guide
focuses comprehensively on laboratory energy design issues with a "systems" design approach. Although
a laboratory-type facility includes many sub-system designs, e.g., the heating system, we believe that a
comprehensive design approach should view the entire building as the essential "system." This means
the larger, macro energy-efficiency considerations during architectural programming come before the
smaller, micro component selection such as an energy-efficient fan. We encourage readers to consider
the following four points when utilizing the Guide.

1.

Since the Guide's design recommendations focus upon energy efficiency, it is best used in
conjunction with other design resources, manuals, handbooks, and guides. This Guide is not meant
to supplant these resources but rather to augment them by facilitating the integration of energy-
efficiency considerations into the overall design process.

Though the Guide may seem to push the envelope of traditional engineering design practice, its
recommendations are widely used in actual installations in the United States and abroad. We
believe that successful design teams build from the members' combined experience and feedback
from previous work. Each team should incorporate energy efficiency improvements, as appropriate,
by considering their interactions and life-cycle costs. We also recognize that there is no single
design solution for all situations; thus, the Guide focuses on conceptual approaches rather than
prescriptive measures.

We have performed an extensive literature search and present brief excerpts from many excellent
publications. We encourage readers to obtain the full citation of interesting and pertinent
documents.

The next generation of this Guide will be available both in "hypertext" through the Internet and in a
format for "local® use with a computer. Consequently, the current organization of the Guide is
optimized for these electronic media. The "home page" for the hypertext version will be:
hitp://eande.lbl.gov/CBS/Ateam/Ateam.html.

We hope the reader will find the Guide to be a useful tool in their laboratory design process and benefit
from the work completed by so many energy-efficiency specialists.

Recommended Citation:

Bell, G.C., P.E., E. Mills, Ph.D., D. Sartor, P.E., D. Avery, M. Siminovitch, Ph.D., M. A. Piette. A Design

Guide for Energy-Efficient Research Laboratories, LBNL-PUB-777, Lawrence Berkeley National
Laboratory, Center for Building Science, Applications Team. September 1996.
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1. OVERVIEW

This document--A Design Guide for Energy-Efficient Research Laboratories—-provides a detailed and holistic
framework to assist designers and energy managers in identifying and applying advanced energy-
efficiency features in laboratory-type environments. The Guide fills an important void in the general
literature and compliments existing in-depth technical manuals. Considerable information is available
pertaining to overall laboratory design issues, but no single document focuses comprehensively on energy
issues in these highly specialized environments. Furthermore, practitioners may utilize many antiquated
rules of thumb, which often inadvertently cause energy inefficiency. The Guide helps its user to:
introduce energy decision-making into the earliest phases of the design process, access the literature of
pertinent issues, and become aware of debates and issues on related topics. The Guide does focus on
individual technologies, as well as control systems, and important operational factors such as building
commissioning. However most importantly, the Guide is intended to foster a systems perspective (e.g.
“right sizing”) and to present current leading-edge, energy-efficient design practices and principles.

Laboratory-type facilities represent an important segment of the building stock, especially when
considered in terms of energy intensity and overall consumption. In California, for example, there are
over 50 million square feet of laboratory-type space. Energy intensities are often five-times higher than
those found in ordinary (non-laboratory) buildings, such as offices. In the case of cleanrooms, intensities
are 10-100-times higher, depending on classification. In 1993, California laboratory facilities were
responsible for 8.8 billion kilowatt-hours of electricity demand (2100 megawatts) and 21 trillion BTUs of
natural gas demand. In the absence of energy-efficiency improvements, projected growth is 131%
(3.9%/year) to the year 2015. The corresponding energy cost in 1993 was $700 million annually, growing
to $1640 million by the year 2015. We estimate an overall savings potential of 50% in new and existing
laboratory facilities. [Mills et al., 1996]

1.1 Introduction

Energy-efficient laboratories offer the research community cost savings and safer working conditions in
addition to serving the larger social good of reducing energy consumption. The laboratory designer with
expertise in energy-efficient design will remain competitive in a world that increasingly values energy
savings (and the resulting cost savings). Although the recommendations in this guide may seem new,
they are valid when applied systematically, and the field of energy efficient design continues to move
ahead. We hope design teams use this guide as a starting point, moving beyond the information
presented here to read in depth and stay current with energy-efficiency developments in their fields.

Research laboratories are sophisticated and complex environments that are designed to meet the special
demands of experimental study, testing, and analysis and to provide safe environments for workers. This
double mission means that laboratories must provide levels of safety, space conditioning, and indoor air
quality not usually maintained in conventional office buildings. To this end, designs of research
laboratories typically have minimal regard for energy use.

A research laboratory environmental conditioning system must also provide protection and comfort for
occupants of the laboratory building, including those in associated non-research spaces. The integration
of dissimilar types of spaces increases the potential for energy waste.

The weight given to energy use in the design of a building is determined by the building
owners/operators and the design team. Owners and designers should be aware that energy-efficient
designs can increase worker safety and are more easily adapted in response to the facility’s evolving
needs.
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Numerous texts and guides deal with design and engineering of laboratory facilities. However, little
information is centrally available on energy-efficient research laboratory design. This design guide has
been compiled as a comprehensive information source emphasizing the ranges and advantages of energy-
efficiency measures (EEM’s) that can be included in a new facility design, or into an existing facility, and
the savings that can result.

1.2 The Guide

This design guide for research laboratories compiles information from an extensive literature search of
more than 150 research papers, conference proceedings, design texts, case studies, recommended practice,
and manufacturers’ experience. We gathered additional information from the practicing engineering
community; and from energy systems specialists, including scientists and in-house energy managers at
the United States Department of Energy's Ernest Orlando Lawrence Berkeley National Laboratory
(LBNL). The In-House Energy Management (IHEM) section at LBNL has implemented more than $14
million worth of energy-efficiency retrofit projects and contributed to the design of numerous, new
laboratory facilities.

1.2.1 Scope

The guide is designed to address multiple audiences: building owners, planners, architects, and
engineers, as well as energy utility personnel interested in demand-side management for their customers
with laboratory-type facilities. Ideally, the building owner(s) will explicitly require the building design
team to make energy efficiency a design priority and request an "energy engineer" be included as a team
member. However, at a minimum, we believe the design team should designate an existing member,
usually the mechanical engineer, to focus on energy efficiency. In either case, throughout the Guide, this
design engineer will be referred to as the "energy engineer."

The guide provides information at four increasingly technical levels, as described below in Section 1.2.4,
“How to Use the Guide.” The Guide is not meant to be a resource for all design elements of a laboratory
facility and does not deal with specific elements, e.g., fan selection, in depth. Instead, this work is
intended to complement existing publications by focusing on energy efficiency. The Guide discusses the
design of new facilities and the retrofit of existing facilities. The chapters consider energy efficiency in the
following areas: '

e Chapter 2: Architectural Programming

e Chapter 3: Integrated System Design: Right-Sizing for Energy Efficiency

o Chapter 4: Direct Digital Control Systems

e Chapter 5: Supply Systems

¢ Chapter 6: Exhaust Systems

e Chapter 7: Distribution Systems

e Chapter 8: Filtration Systems

e Chapter 9: Lighting Systems

e Chapter 10: Commissioning



Although economics is a prime driver of energy-efficient investments, given the enormous variation in
the pertinent factors among laboratory-type environments, we do not emphasize specific quantitative
examples in this Guide. Rather, we discuss the concept and the application of life-cycle cost analysis in
some depth, with special consideration for conducting the analysis properly in laboratory-type facilities.

1.2.2 Purpose

The Guide’s primary purpose is to foster energy efficiency in research laboratories. There are many
highly qualified design engineers in the construction industry interested in energy-efficient design, and
application of the Guide will be enhanced and focused by their individual experiences. There are various
shades of gray involved in engineering judgments and the phrase, "It depends..." will be with us always.
Therefore, the Guide's recommendations should be taken in the context of project specifics and individual
experiences.

The Guide's chapters consider all phases of the design process that influence a laboratory facility’s energy
consumption, including design solutions that directly or indirectly affect energy use. An example of a
solution with direct impact is the specification of fume hood face velocity; the amount of exhausted
conditioned air is proportional to this value. A solution with an indirect impact is selection of supply
diffuser throw velocity near a fume hood; this choice influences the performance of an energy-efficient
fume hood with a lower than normal face velocity. A design decision that would adversely affect energy
efficiency (and safety) is to assume that a high value (greater than 125 fpm) for the fume hood face
velocity increases the operator’s safety, without considering the throw velocity of a supply diffuser near
the fume hood.

1.2.3 Application

This design guide is intended for laboratory-type facilities, such as those found in universities, and for
commercial and industrial research facilities, including laboratories and cleanrooms. These facilities
typically have Uniform Building Code (UBC) occupancy classifications of B-2, H-8, or H-7. When we use
the word “cleanroom,” we mean a research and not a production scale facility. We anticipate that future
versions of this guide will cover related production and manufacturing-scale laboratory-type facilities.
We remind the reader that this guide is intended to complement existing laboratory design manuals and
references by describing the ramifications of Energy Efficiency Measures (EEMs) that could be
incorporated. This guide does not provide calculation methods to determine energy savings of a design.
However, references to in-depth calculation procedures are given.

1.2.4 How to use the guide

This guide is arranged in a hierarchical format moving from the macro to the micro levels. The broadest
issues, a building’s architectural configuration and its UBC code classification, are reviewed first, in the
expectation that input from the energy engineer can influence the overall design configuration and
possibly this building occupancy and safety classification. The micro issues are quite specific—the impact
of air filtration on energy efficiency, for example. The selection of an air filter has a large influence on
energy use, particularly in high-air-quality laboratories. Figure 1-1 depicts the design philosophy and
decision-making process by illustrating the specific case of fan selection.



Figure 1-1

DESIGN GUIDE PHILOSOPHY AND DECISION-MAKING PROCESS
EXAMPLE DESIGN GUIDE PROCESS FLOW CHART

ARCHITECTURAL PROGRAMMING ——J» CODE and OCCUPANCY REVIEW ——» DESIGN STANDARDS ——Jp DESIGN PROGRAM
DESIGN FLEXIBILITY ———Jp» ADJACENT SPACES—p MODULAR DESIGN — P UTILTY SERVICE SPACES—Jp MINIENVIRONMENTS

RIGHTSIZING  ——p» LIFE CYCLE COST ANALYSIS—» DIVERSITY ——Jp» LOAD MANAGEMENT

HIGHER/
MACRO
HVAC SYSTEM SIZE 7 ———p> OPTIMUM MECHANICAL SYSTEM —JROOM AIR CHANGE RATES - FUME HOOD FACE VELOCITY, etc
LOWER/ | .
MICRO .
‘o DIRECT DIGITAL CONTROL SYSTEMS -~-J-SUPPLY SYSTEMS ~ —J»EXHAUST SYSTEMS —J»-AIR DISTRIBUTION - FILTRATION
e.g. FAN CHOICE e.g. STACK HEIGHT e.g. DUCTWORK e.g. FILTER
j LAYOUT DEPTH

The final step in the design of the supply system is the choice of the fan.
Careful attention to the brake horsepower required for the particular
v design condition is required. Included with the normal operating situation
are; the part-load, start-up, and full bypass energy loads. For example
consider a single-width, snngle—:nlef, air-foil fan at 20,000 CFM @ 2.5" w.g.
SIZE (in.)] RPM BHP
33 1200 15.6
36 960 13.8
40 767 12.3 Range of
< e

44 653 12.1 Minimum
49 586 12.6 Horsepower
54 524 13.8

¢ Chapter Levels

In each chapter of the guide, information about design issues is presented at four increasingly technical
levels of detail. This hierarchical presentation is designed to permit readers to choose how much detail
they wish to read. The hierarchy is as follows:

o The first level of information in each chapter is a section identified by one number (e.g., 6.) and is

immediately followed by the title beginning with, Abstract: Energy Efficiency and..., for

" example, Abstract: Energy Efficiency and Exhaust Systems, specifically. This level of

information presents an abstract of the material covered in the chapter on that topic, highlighting

and summarizing key points only. Reading this level alone provides a general overview of the
topic.

e The second level of information in each chapter is in sections identified by two numbers (e.g., 6.3)
and each is begins with, Energy Efficiency and..., for example specifically, Energy Efficiency and
Variable Volume Hoods. This information level presents significant sub-topics contained within
the body of each chapter that is more specific than the first level, offering techniques for energy-
efficient designs. The second level is meant for readers who want a somewhat more particular
overview of the topics.

o The third level of information in each chapter is in sections identified by three numbers (e.g.,
6.3.2) that describe specific energy-efficiency considerations that should be included in a
system/component design/specification. This level presupposes the reader is familiar with the
systems/components being analyzed. Level three contains “nuts-and-bolts” information for
engineers and designers.



o The fourth level of each chapter is in sections identified by four numbers (e.g., 6.3.2.4) that
present very specific background and support information regarding the energy-efficiency
measure under discussion, including case studies and examples. References are given at this
level to enable engineers and. designers to obtain all particulars on a topic.

¢ Chapter Bibliography

Each chapter’s references appear at the end in alphabetical order. A complete list of citations is included
in a bibliography at the end of the Guide. Footnotes are used to provide immediate clarification of
information. Although in many cases excerpts from these sources are provided, the reader is strongly
encouraged to obtain the entire document to benefit from their complete scope of work.

1.3 The Energy-Efficient Desigh Process

Energy-efficient design is an iterative process that begins with the establishment of communication
among all members of the design team. Each design discipline has an impact on the energy load. On a
macro scale, the flexibility of the architectural design permits or presents such features as a modular
laboratory size. On a micro scale, the choice of a lighting system can affect sensible heat gain and
transformer sizing, for example. Energy-efficient design solutions in laboratories determine the potential
variability of a minimized load and match the load with flexible, adjustable electrical and mechanical
conditioning system(s). This "systems approach” is fundamental to an integrated system design and
"Right-Sizing" (See Chapter 3). The process can be outlined as follows:

¢ Determine Potential Load Variability

Laboratory facilities are very energy intensive, primarily because of the large volumes of conditioned air
necessary for safety and process ventilation. Therefore, the energy engineer must determine the potential
variation of energy loads on hourly, daily, annual, and life-cycle bases. The engineer is encouraged to use
the principles of diversity; see Chapter 3. Each laboratory facility will be operated in a unique manner,
commonly referred to as the “Profile of Use,” that may or may not vary during a given time frame. For
example, some highly specialized research requires a 24-hour-a-day commitment. When this kind of
research is located in a mild climate, the variability of the environmental conditioning load is likely to be
small. By contrast, the operation of a laboratory in a university environment may be extremely variable
because of odd-hour use, class sizes, and academic-term cycles. Ideally, the analysis of load variability is
performed for each energy-consuming device or system within the laboratory.

¢ Minimize the Load

While potential variability of energy load is being identified, the design team must focus on minimizing
potential energy load. Research laboratories have been compared to wind tunnels because of the large
volumes of air moved through them, typically ten times greater than in an office building. Minimizing
this air volume substantially reduces energy consumption; however, because of the volume of air flow,
traditional energy-saving measures like wall and roof insulation will not have a big effect on energy
efficiency. The main air-volume energy loads that need to be minimized are provided by an
environmental conditioning system: [Ruys, 1990]

o thermal (sensible), e.g., heating and cooling;
¢ latent, e.g., humidification or dehumidification;
* air movement, e.g., fans and motors/drives;

s circulation, e.g., pumps and motors/drives; and

o miscellaneous support and peripheral equipment (i.e., those that create internal heat gains).
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The energy engineer should first qualify and then quantify the load as follows:

o qualify the load with researchers and owner(s) to: inform them of the energy-use implications of
all choices they make regarding lab environmental conditions, determine the range of acceptable
lab environment conditions, specify the tolerance to which the lab environment must be held, and
involve the client in selecting the largest possible “comfort envelope” in consideration of the
energy consumed to maintain restrictive temperature and humidity conditions. For instance, an
excessively tight relative humidity (R.H.) range consumes a large amount of energy and may
require cooling and re-heating coils in the air supply system.

* guantify the load by: complying with the code requirements; providing certification when
necessary, as in the case of biological safety cabinets; maintaining required researcher/user safety
and environmental conditions; employing computer-based simulation tools to analyze life-cycle
cost benefits of alternative designs. "Rule-of-Thumb" calculations should be questioned; climate
and user operation should be thoroughly considered in all load calculations.

e Match Variable Load with an Adjustable System

A flexible, adjustable environmental system should be designed in concert with all of the design steps in
this section, so that the system can match load variations to achieve maximum energy efficiency. A
flexible, adjustable system adapts by means of staged operation of modules and devices that can be
operated to satisfy the current load. Engineers must consider the part-load efficiency of an environmental
conditioning system.

e Understand Barriers

The goal of the energy-efficient design process is to have considered all energy-efficiency options and
incorporate the best into the final design. However, numerous real and perceived barriers exist, such as
higher than normal first costs and out-of-date design standards. Creating an energy-efficient laboratory
design requires an understanding of and a willingness to surmount these barriers; with persistence, an
energy engineer can optimize system performance and individual components to produce an effective,
integrated, energy-efficient design. A list of barriers is given in Section 1.3.1 below.

e Use an Integrated Energy Engineering Approach

The Integrated Energy Engineering or “Right-Sizing” approach to laboratory facility design considers
interdisciplinary and interactive energy relationships among: architecture, facility programming and
planning, electrical and mechanical engineering, and facility operation and maintenance. Energy
engineers should promote and share design ideas directed toward minimizing a facility’s total energy
use, not just the energy consumed by its environmental conditioning system. The interrelationship of an
electrical system design provides a good example of this interactive design methodology. When closely
analyzed, an energy-efficient lighting system reduces the waste heat within a facility which, in turn,
means a smaller HVAC system is needed. A smaller HVAC system permits a reduced transformer size
and a smaller emergency generator.

1.3.1 Barriers to energy-efficient laboratory design

A comprehensive list of barriers to energy-efficiency improvements was compiled at a workshop that
focused on cleanroom design; the list applies to other research laboratory facilities. The barriers to
energy-efficient design that were identified include:



1.3.2

Standard design practices are based on old technologies or inaccurate assumptions. These
include: sizing air-side pressure drops for a fixed static pressure; sizing water systems for a fixed
amount of head; using high coil and filter face velocities.

Considerable emphasis is placed on system first cost although lower first cost may result in
higher life-cycle costs. Design teams need to consider life-cycle costs, which often justify higher-
first-cost, energy-efficient equipment.

Time and priority need to be given to working out new, nontraditional designs. Energy-efficient
designs may require additional staff time or consultants.

The conservative facility building culture often resists new ideas. Innovators carry a heavy
burden to prove the efficacy of new design concepts; in addition, designers may risk legal
consequences if the laboratory’s operation does not meet design specifications/design basis
documents.

Benchmarking of energy costs is lacking. If an existing facility does not already track what it costs
to operate each component, management has little information on which to base decisions about
possible improvements in energy use.

Size limitations for code requirements may adversely affect environmental conditioning system
designs. For example, limiting the height of the penthouse where the air handlers are located
may prevent optimal configurations of systems.

Inadequate space may be available for energy-efficient equipment. Currently, the architect often
designs the facility and then tells the engineers how much space they have. Early cooperation
among design team members is necessary to devise optimum configurations.

Performance envelope specifications may limit possibilities for energy efficiency. When the
performance envelope or operating range of the facility can be expanded—for example,
increasing the allowable relative humidity—lower first costs and operational energy costs may
result. Owners and occupants need to clearly understand the impacts that design tolerances have
on facility energy performance.

Designers who are familiar with energy-efficiency concerns in laboratory-type environments are

in short supply. [Micro-Electronics Facility Efficiency Workshop, 1995]

Example of an integrated energy concept

The example below illustrates some of the energy-efficient design process and its incorporation into an
overall facility design. The example describes the energy-efficient design of a research institute
specializing in the development of special-purpose microelectronic components.

A central plant with constant air flow rate was chosen for the air conditioning of the
multi-story building. At the entrance of each story, the HEPA filters are grouped
centrally in easily accessible compact filter boxes according to zones, so that monitoring
and maintenance work can be carried out, without need to enter the research rooms. An
air distribution system, which is designed so that later modifications can be made
without difficulty, conveys the supply air to custom-designed clean air distribution
elements. The size and arrangement of the distribution elements, the direction of air flow
and the air flow velocity are exactly tailored to the individual requirements of each work
station....In some cases the apparatus is protected by the use of horizontal unidirectional
flow, in others by vertical unidirectional flow.

The work stations are thus isolated from the surroundings by the use of the principle of

spot protection. The remaining room areas of the laboratory are air conditioned merely
by spill-over flow from the clean zones, and additional supply air devices have not been
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necessary. This allows both the desired room air conditions to be maintained and an air
cleanliness corresponding to cleanliness Class 10,000 according to US Federal Standard
209D, to be ensured—at no additional cost as far as air engineering is concerned.

The velocity of the air emerging from the clean air distributing elements was set
individually within the range 0.25 to 0.4 m/s (~50 to 80 feet per minute) and is
subsequently kept constant by means of automatic air volume control devices.

Minimization both of the spatial extent of the area protected by unidirectional flow and
of the flow velocity are (sic) therefore used to keep down the air flow rate to the very
minimum possible. [Schicht, 1991]

1.4 “Hot Topics”
Energy Efficiency and “Hot Topics”

When the energy engineer is familiar with the Hot Topics of energy-efficient laboratory design, solutions
will develop to overcome many of the barriers noted above. Current solutions include right-sizing
techniques, diversity appraisal, DDC systems, VAV systems, modular boiler plants, chiller turn-down
ratios, minienvironments, indirect-direct evaporative cooling, and heat recovery. A comprehensive
design process combines measures to create a smoothly operating facility with low life-cycle costs.

e Integrated System Design: Right-Sizing for Energy Efficiency

The techniques of right-sizing integrate the many interactive relationships that influence the capacity of
the environmental conditioning system. The goal of right-sizing is to prevent over design of the space-
conditioning system; excessive capacity in a large system wastes energy and increases first costs. The
engineering team must determine whether the facility’s design conditions are overstated; typically, the
specified comfort envelope can be enlarged, reducing the required conditioning system capacity. Another
Right-Sizing technique is appraisal of conditioning system diversity, which is based on the assumption
that all laboratory equipment is unlikely to operate simultaneously; a diversity analysis determines the
average system capacity that will accommodate part-load operation. A Variable Air Volume (VAV)
system can efficiently accommodate part-load operation. Chapter 3 elaborates diversity design
principles. For analysis of safe, energy-efficient application of VAV supply systems, see Chapter 5; for
VAV exhaust systems, see Chapter 6.

¢ Energy Monitoring and Control System with Direct Digital Control

An Energy Monitoring and Control System (EMCS) that incorporates direct digital control (DDC) is a key
element to an energy-efficient research laboratory. If it is properly designed, installed, and maintained
the EMCS insures energy-efficient operation of the facility by monitoring, controlling, and tracking
energy consumption. Traditionally, EMCSs have been provided to facilities by manufacturers with little
input from design team engineers. It is strongly recommended that energy engineers take a more
proactive role in EMCS selection from the design of the sequence of operations to the specification of the
kinds of sensors and operators to be installed. See Chapter 4.

e Variable Frequency Drives (VFDs) and Air Flow Rates

Air handling equipment is typically sized so that it operates at only 70 percent of its full-load rating.
Incorporating a variable frequency drive (VFD) that uses duct static pressure as a control input can pay
for itself in less than two years. The VFD’s lower air velocity reduces pressure loss and increases
operating efficiency of a heat recovery device if one is present; these improvements more than
compensate for higher system first costs. When the laboratory is unoccupied, the rate could be reduced to
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50% of the nominal value, decreasing the energy consumption of the entire air handling system to less
than 25% of that required for a conventional system, provided safe minimum ventilation is maintained.
See Chapters 3, 5, and 6. [Schicht, 1991]

e Modularized Plant Devices

Conditioning equipment can be designed in modules that can operate singly or together to meet part or
full loads. Modules include multiple boilers and chillers that can have their operation staged to meet the
load. Devices whose operation can be ranged include Variable Air Volume (VAV) supply and fume hood
exhaust systems and Variable Frequency Drives (VFDs) on fans and pumps. EMCSs can modulate
heating and cooling temperatures with real-time precision. All of these modules and devices take
advantage of the facility’s diversity and maximize system part-load efficiency. See Chapter 5.

e Segregating Tasks with Minienvironments

Laboratory temperature and humidity design conditions are typically specified to satisfy both process
and human comfort needs. Segregating the more tightly controlled areas from other non-critical areas
saves energy. One method is to subdivide systems and zones with minienvironments, see Chapter 2.

e Indirect-Direct Evaporative Cooling

The greater the range of allowable humidity, the greater the energy savings. As the allowable humidity
range increases, the use of energy-efficient indirect-direct evaporative cooling becomes more appropriate.
Depending upon climate, when a laboratory's required relative humidity range is 45 to 50 percent,
evaporative cooling can be used. This approach can consume as little as two-thirds of the energy
necessary to provide a range of 40 to 45 percent R.H., assuming this lower humidity range requires the
use of a chiller. Laboratories in warmer climates benefit from raising the allowable R.H.; laboratories in
colder climates benefit most from lower minimum R.H. specifications as well as a wider range. See
Chapter 3 and 5. [Lynn, 1991]

e  Other Measures

Numerous other measures can be employed in an energy-efficient laboratory conditioning system. The
list below provides a quick overview of some additional energy-efficient solutions:

e recover heat from the exhaust air or process cooling water with run-around coils; recover both
sensible and latent energy with heat wheels

e incorporate low-face-velocity coils and filters

e choose the lowest pressure drop filter for the efficiency required

o utilize free cooling with a plate-and-frame heat exchanger instead of the chiller and oversized
cooling towers

¢ minimize energy-intensive air cooling and humidification by using evaporative cooling

¢ use premium efficiency equipment when selecting motors, lamps, boilers, chillers, fans, etc.

* use variable outside air for support spaces that have economizers

e reuse air from office/support spaces to reduce the need for mechanical cooling in the laboratories

o use chiller waste heat for heating purposes.
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2. ARCHITECTURAL PROGRAMMING

Abstract: Energy Efficiency and Architectural Programming

Modern research facilities provide usable space for laboratories, laboratory support areas, offices, and
interactive spaces for formal and informal gatherings. The special equipment and environments required
for research make these facilities complex and expensive to build and operate. Complying with building
codes and considering building standards are part of the architectural programming process. The
research organization priorities will set the tone for the incorporation of the energy-efficiency measures
(EEMs) for the facility. It is important that the facility be able to accommodate changes in use by
including flexibility in the original design. However, the facility’s near-term energy use must not be
overlooked even though the facility may plan for larger system capacity in the future. Architectural
arrangements that provide laboratory isolation can result in energy efficiency benefits by using a design
concept that includes modular degrees of isolation for the required controlled environments. The
modular research laboratory provides an opportunity to arrange the environmental conditioning systems
efficiently. Ultility service coordination, by providing orderly pathways and routing, will reduce energy
use by streamlining their layout and configuration. Minienvironments can reduce energy consumption
greatly with their ability to confine energy-intense environments to small volumes.

2.1 Codes

Energy Efficiency and Codes

While it is a fact that codes and energy efficiency are inexorably linked, the codes have few requirements
that affect the facility’s energy efficiency directly. Recommended standards (see below) have a greater
influence on the energy consumption of the laboratory facility. The building standards that apply to all
occupancies throughout the state of California appear in the California Code of Regulations and the
California Health and Safety Code. Laboratory facilities, per the Uniform Building Code (UBC), typically
fall into one of three classifications; B-2, H-8, or H-7.

The occupancy classification is the key to any impacts of a building standard on the facility’s energy
efficiency. The energy engineer rarely will have a say in the determination of the facility’s UBC
classification. However, the indirect benefits of a less stringent classification can reduce energy
consumption, e.g., by allowing the recirculation of air within a laboratory rather than requiring 100%
outside air at all times. Therefore, the energy engineer should study the requirements of each
classification to be familiar with their potential energy impacts and relate these findings to the project
design team.

2.1.1 California Health and Safety Code

The California Health and Safety Code is the document that stipulates which building standards shall be
applied to all of the occupancies throughout the state. The reference is:

California Health and Safety Code

Division 13 - Housing

Part 2.5 - State Building Standards

Chapter 4 - The California Building Standards Code
SECTIONS 18935-18944.7



Under section 18938 (b), the standards that influence energy efficiency considerations are in: the Uniform
Building Code of the International Conference of Building Officials; the Uniform Fire Code (UFC) of the
International Conference of Building Officials and the Western Fire Chiefs Association, Inc.; and the
Uniform Mechanical Code (UMC) of the International Conference of Building Officials and the
International Association of Plumbing and Mechanical Officials.

2.1.1.1 Code excerpt

The application of the California Health and Safety Code is defined in Division 13 (Housing), Part 2.5 (State Building
Standards), Chapter 4, Section 18938 of the code:

(b) The building standards contained in the Uniform Fire Code of the International Conference of
Building Officials and the Western Fire Chiefs Association, Inc., the Uniform Building Code of the
International Conference of Building Officials, Appendix Chapter 1 of the Uniform Code for Building
Conservation of the International Conference of Building Officials, the Uniform Plumbing Code of
the International Association of Plumbing and Mechanical Officials, the National Electrical Code of
the National Fire Protection Association, and the Uniform Mechanical Code of the International
Conference of Building Officials and the International Association of Plumbing and Mechanical
Officials, as referenced in the California Building Standards Code, shall apply to all occupancies
throughout the state and shall become effective 180 days after publication in the California
Building Standards Code by the California Building Standards Commission or at a later date after
publication established by the commission.

2.1.2 Uniform Building Code

The requirements for the typical laboratory facility occupancy were reviewed for special provisions that
would influence their energy efficiency. Ventilation rates are a primary driver in the energy consumption
of the laboratory-type facility. However, the building codes do not make large demands for high
ventilation rates.

The California version of the UBC includes a special hazardous occupancy, H-8, for “laboratories and
similar areas used for scientific experimentation or research.” This classification fits between the typical
university classification of B-2 and the more hazardous H-7.

The sections that list the requirements of each occupancy (B-2, H-8, H-7) state that light, ventilation, and
sanitation are to be provided “in accordance with” Chapter 12 of the UBC. Chapter 12 (Interior
Environment) requires only “a minimum of 15 cfm of outside air per occupant in all portions of the
building during such time as the building is occupied.” In addition, for “Group B Occupancies or
portions thereof where Class I, II or ITI-A liquids are used, a mechanically operated exhaust ventilation
shall be provided sufficient to produce six air changes per hour.” Only when the occupancy
classification reaches the hazard level of H-6 does the following ventilation requirement become

necessary:

1202.2.5 Group H, Division 6 Occupancies. In Group H, Division 6 Occupancies, mechanical
ventilation, which may include recirculated air, shall be provided throughout the fabrication
area at the rate of not less than 1 cfm/sq.ft. of floor area. The exhaust air duct system of one
fabrication area shall not connect to another duct system outside that fabrication area within the

building.
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2.1.2.1 Code ekcerpt
The California Uniform Building Code occupancy requirements for laboratories are as follows:
UCB Section 304 - Requirements for Group B Occupancies
304.1 Group B Occupancies Defined
14. Laboratories - testing and research

[Laboratories - testing and research; Universities]

304.2.2 Special Provisions

304.2.2.1 Laboratories and vocational shops [Universities]

Laboratories and vocational shops in buildings used for educational purposes, and similar
areas conlaining hazardous materials... [The code includes tables showing amounts of
hazardous materials and corresponding requirements]. When the quantities of hazardous
materials in such uses exceed those listed... [the code refers to tables corresponding to

particular occupancy designations].

304.5 Light, Ventilation and Sanitation. Light, ventilation and sanitation shall be accordance

with Chapters 12 and 29 [see the complete code] and this section.

304.5.1 Ventilation of flammable vapors. See Section 1202.2.2 for ventilation of flammable

vapors.
UCB Section 306 - Requirements for Group F Occupancies
306.1 Group F Occupancies Defined

306.1 General. GroupF.....
Division 1.
17. Electronics assembly
20. Food processing
30. Optical goods

306.5 Light, Ventilation and Sanitation. In Group F Occupancies, light, ventilation and
sanitation shall be accordance with Chapters 12 and 29 [see the complete code] and this

section.
UCB Section 307 - Requirements for Group H Occupancies

307.1 Group H Occupancies Defined.

Division 6. Semiconductor fabrication facilities and comparable research and development
areas in-which hazardous production materials (HPM) are used and the aggregate quantity
of materials are in excess of... [see the complete code for cited tables and sections]. Such
facilities and areas shall be designed and constructed in accordance with... [see the

complete code for cited tables and sections].

Division 7. Occupancies having quantities of materials in excess of those listed... [the code
refers to tables corresponding to particular occupancy designations] that are health hazards,

including:

1. Corrosives.



2. Toxic and highly toxic materials.
3. lrritants.

4. Sensitizers.

5. Other health hazards.

Division 8. (For SFM) Laboratories and similar areas used for scientific experimentation or
research having quantities of materials not in excess of those listed... and not otherwise
classified as Group B, Division 2 Occupancies. Such laboratories may be classified as
Group B, Division 2 Occupancies when quantities of materials are not in excess of those
listed... Laboratories having quantities of materials in excess of those listed... and which are
located below the fourth story may be classified as a Group H, Division 7 Occupancy... [see
complete code for the tables and sections cited].

307.2.13 Special Provisions for Group H, Division 8 Occupancies.

...The interstitial space above the lab shall be separated from the corridor by one-hour
construction.

...Fume hood exhaust ducts exposed to fire-resistive exit corridors shall be separated from
the corridor by one-hour fire-resistive construction.

307.5 Light, Ventilation, and Sanitation.

307.5.2 Ventilation in hazardous locations. See Section 1202.2.3 for ventilation requirements in
hazardous locations.

307.5.5 Ventilation in Group H, Division 8 QOccupancies. In all Group H, Division 8
Occupancies, exhaust streams when combined shall not create a physical hazard or react to
degrade the contained material. The building official may require a technical report in
accordance with Section 307.1.6 [see the complete code for section cited].

Fire dampers in fume hood exhaust ducts are expressly prohibited.

Ducts from laboratory hoods and local exhaust systems shall be constructed entirely of
noncombustible material.

Exceptions:
1. Flexible ducts for special local exhausts used within a laboratory area.

2. Combustible ducts with flame-spread index less than 75 located within a shaft of
noncombustible construction where passing through areas other than the laboratory units
they serve and provided with internal fire sprinklers.

3. Combustible ducts or duct linings having a flame spread of 25 or less.

Exhaust ducts from each laboratory unit shall be separately ducted to a point outside the
building, to a mechanical space or to a shaft. Connection to a common duct may occur at
those points. Exhaust ducts within the same laboratory unit may be combined within that
laboratory unit.

Perchloric acid hoods and exhaust ducts shall be constructed of materials that are acid

resistant, nonreactive, and impervious to perchloric acid. A water-spray system shall be
provided for washing down the hood interior behind the baffle and the entire duct system.
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Ductwork shall provide a positive drainage slope back to the hood and shall consist of
sealed sections. The hood baffle shall be removable for inspection.

307.11 Group H, Division 6 Occupancies.
307.11.2 Fabrication area.

307.11.2.4 Ventilation. See Section 1202.2.5 for ventilation requirements. =>1202.2.1 and
1202.2.3 and 1202.2.5

307.11.2.6 Electrical. ...The requirements for.hazardous locations need not be applied when
the average air change is at least four times that set forth in Section 307.11.2.4 [see the
complete code for sections cited] and when the number of air changes at any location is not
less than three times that required by Section 307.11.2.4 and the Fire Code [see the complete
code for sections cited].

307.11.5 Storage of hazardous production materials [HPM].

© 307.11.5.4 Ventilation. Mechanical exhaust ventilation shall be provided in storage rooms at
the rate of not less than 1 cfm/sq.ft. of floor area or six air changes per hour, whichever is
greater, for all categories of materials.

Group B or F-1 <Table 3D or <Table 3E

Group H-8 See UBC <Table 3D.1 or <Table 3/
Group H-7 See UBC <Table 3D or >Table 3E
Group H-6 See UBC >Table 3D or >Table 3E

[see the complete code for table sited].

Table 3D. 1 footnotes

#1. A laboratory suite is a space up to 10,000 square feet... Up through the third floor and
down through the first basement floor, the quantity-in this table shall apply. Fourth, fifth and
sixth floors and the second and third basement floor level quantity shall be reduced to 75
percent of this table. The seventh through 10th floor and below the third basement floor
level quantity shall be 50 percent of this table.

#2. Quantities may be increased 100 percent when stored in approved exhausted gas
cabinets, exhausted enclosures or fume hoods.

Table 3! footnotes

#1. A laboratory suite is a space up to 10,000 square feet... Up through the third floor and
down through the first basement floor, the quantity in this table shall apply. Fourth, fifth and
sixth floors and the second and third basement floor level quantity shall be reduced to 75
percent of this table. The seventh through 10th floor and below the third basement floor
level quantity shall be 50 percent of this table.

#2. Permitted only when stored or used in approved exhausted gas cabinets, exhausted
enclosures or fume hoods. Quantities of high toxics in use in open systems need not be



reduced above the third floor or below the first basement floor level. Individual container
size shall be limited to 2 pounds (0.91 kg) for solids and 1/4 gallon (0.95 L) for liquids.

Table 3D footnotes

#6. Quantities may be increased 100 percent in sprinklered buildings. When Footnote 7
[see complete code for footnote 7] [10] also applies, the increase for both footnotes may be
applied.

#10. Quantities may be increased 100 percent when stored in approved storage cabinets,
gas cabinets or exhausted enclosures as specified in the Fire Code. When Footnote 6 also
applies, the increase for both footnotes may be applied.

Table 3E footnotes

#5. Quantities may be increased 100 percent in sprinklered buildings. When Footnote 6
also applies, the increase for both footnotes may be applied.

#6. Quantities may be increased 100 percent when stored in approved storage cabinets,
gas cabinets or exhausted enclosures as specified in the Fire Code. When Footnote 5 also
applies, the increase for both footnotes may be applied.

UCB Chapter 12 - Interior Environment

Section 1202 - Light and Ventilation in Groups A, B, E, F, H, I, M, and S Occupancies

1202.2 Ventilation.

1202.2.1 General. All enclosed portions of Groups A, B, E, F, H, I, M, and S Occupancies
customarily occupied by human beings shall be provided...with a mechanically operated
ventilation system. ...Such a mechanically operated ventilation system shall be capable of
supplying a minimum of 15 cfm of outside air per occupant in all portions of the building during
such time as the building is occupied.

1202.2.2 Group B Occupancies. In all buildings classified as Group B Occupancies or portions
thereof where Class |, Il or lll-A liquids are used, a mechanically operated exhaust ventilation
shall be provided sufficient to produce six air changes per hour. Such exhaust ventilation shall
be taken from a point at or near the floor level.

1202.2.3 Group H Occupancies. ...Ducts conveying explosives or flammable vapors, fumes or
dusts shall extend directly to the exterior of the building without entering other spaces. ...

EXCEPTION: Ducts conveying vapor or fumes having flammable constituents less than 25
percent of their lower flammability limit may pass through other spaces.

1202.2.5 Group H, Division 6 Occupancies. In Group H, Division 6 Occupancies, mechanical
ventilation, which may include recirculated air, shall be provided throughout the fabrication area
at the rate of not less than 1 cfm/sq.ft. of floor area. The exhaust air duct system of one
fabrication area shall not connect to another duct system outside that fabrication area within the
building.

...automatic shutoffs need not be installed on air-moving equipment.
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Except for exhaust systems, at least one manually operated remote control switch that will
shut down the fabrication area ventilation system shall be installed at an approved location
outside the fabrication area. =>control system

1202.2.5.1 {For State Fire Marshall} Ventilation in Group H, Division 8 Occupancies. In all
Group H, Division 8 Occupancies, exhaust streams when combined shall not create a physical
hazard or react to degrade the contained material. The building official may require a technical
report in accordance with Section 707.1.6 [see the complete code for section cited].

Fire dampers in fume hood exhaust ducts are expressly prohibited.

Ducts from laboratory hoods and local exhaust systems shali be constructed entirely of
noncombustible material.

Exceptions: 1. Flexible ducts for special local exhausts used within a labdratory area.

2. Combustible ducts with flame-spread index less than 75 located within a shaft of
noncombustible construction where passing through areas other than the laboratory units
they serve and provided with internal fire sprinklers.

3. Combustible ducts or duct linings having a flame spread of 25 or less.

Exhaust ducts from each laboratory unit shall be separately ducted to a point outside the
building, to a mechanical space or to a shaft. Connection to a common duct may occur at
those points. Exhaust ducts within the same laboratory unit may be combined within that
laboratory unit. '

Perchloric acid hoods and exhaust ducts shall be constructed of materials that are acid
resistant, nonreactive, and impervious to perchloric acid. A water-spray system shall be
provided for washing down the hood interior behind the baffle and the entire duct system.
Ductwork shall provide a positive drainage slope back to the hood and shall consist of
sealed sections. The hood baffle shall be removable for inspection.

2.1.3 Uniform Fire Code

The Uniform Fire Code refers to the UBC for specific ventilation rates except in the case of an H-6

occupancy, which is not a likely designation for a research laboratory facility. Therefore, the UFC does
not specify particular ventilation rates that would reduce the effectiveness of energy-efficient

environmental conditioning systems.

2.1.3.1 Code excerpt
UFC - Anticle 51 - Semiconductor Fabrication Facilities
5103 - Fabrication Areas.
5103.4 Ventilation Requirements.

5103.4.1 General. Exhaust ventilation shall be provided to produce not less than 1 cfm/sq.ft.
exhaust of floor over the design area...



5103.4.2 Separate systems. The return-air system of one fabrication area [vs. storage area]
shall not connect to another system within the building.

5103.4.3 Ventilation controls. There shall be a manual control switch for supply or recirculation
air systems, or both, located outside fabrication area...

5104 - Workstations within Fabrication Areas.
5104.3 Exhaust Ventilation.

5104.3.1 Design criteria. A ventilation system shall be provided to capture and exhaust fumes
and vapors at workstations.

5104.3.2 Duct systems
5104.3.2.2 Reactives. Two or more operations shall not to be connected to the same exhaust
system when either one or the combination of the substances removed could constitute a fire,

explosion, or chemical reaction reaction hazard within the duct system.

5104.3.3 Ventilation power and controls - emergency power. The exhaust ventilation system
shall have an emergency source of power. [Group H-6 and H-7; see UBC 307.2.8].

5105 - Storage and Dispensing of HPM within Fabrication Areas.

5105.1 General. The storage of HPM liquids, gases, and solids shall be within fully enclosed
storage cabinets or within a workstation. ...

5105.2 Special Requirements for HPM Gases.

5105.2.3 Ventilation. Gas cabinets shall be provided with ventilation. When a gas cabinet

contains highly toxic or toxic gases, the average velocity of ventilation at the face of the access

ports shall be not less than 200 fom with a minimum of 150 fom at any point of the access port.
Gas cabinets shall be operated at a negative pressure in relation to the surrounding area...

5108 - Storage of HPM.

5108.2 Storage of HPM within Buildings.

5108.2.5 Ventilation requirements. Ventilation shall be provided in accordance with Section
5103.4.1.

2.1.4 California Code of Regulations

The California Code of Regulations includes two Titles that affect the energy efficiency of the laboratory
facility. They are Title 8 and Title 24.

¢ Title 8, Section 5154.1. and 5209.
Section 5154.1. Ventilation Requirements for Laboratory-Type Hood Operations. Under Part (c),

Ventilation Rates, a fume hood must have an “...average face velocity of at least 100 linear feet per minute
[ifm] with a minimum of 70 lfm at any point...” except for the handling of special hazardous materials. A



more stringent face velocity rate is stipulated under Section 5209. Carcinogens, Part (b) (11) of 150 lfm
with a minimum of 125 1fm [see the complete code for section cited]. :

o Title 24
Title 24 includes sections that influence the energy efficiency of the laboratory facility, including design
requirements for energy-using systems and components, and the building envelope. This code is already

familiar to and utilized by the energy engineer. A comprehensive Title 24 review is beyond the scope of
this design guide. Therefore, no attempt is made to enumerate its many energy-efficiency requirements.

2.2 Standards

Energy Efficiency and Standards
There are many published design standards and guidelines that inform the design engineer about the
health and physical hazards of the laboratory environment. This guide focuses on four publications to
summarize recommendations that pertain to the energy efficiency of the laboratory. They are:

o Occupational Safety and Health Administration (OSHA) - 29 CFR - Part 1910.1450

e “American National Standard for Laboratory Ventilation.” ANS/ATHA Z9.5 1992 [King, 1992]

e American Society of Heating, Refrigeration, and Air-conditioning Engineers (ASHRAE), 1991
Applications Handbook. Atlanta, GA.: ASHRAE, 1994. {1991 Applications Handbook, 1994]

e Industrial Ventilation: A Manual of Recommended Practice - 22nd Edition. ISBN: 1-882417-09-7
(ACGIH). The American Conference of Governmental Industrial Hygienists, Inc., eds. City,
State: Publisher, 1995. [Industrial Ventilation: A Manual of Recommended Practice - 22nd
Edition, 1995]

These standards include a wealth of information with which the energy engineer should become familiar
to produce safe and energy-efficient laboratory design. However, some recommendations are not
supported by the current research and some conflict with other standards. Resolving conflicting
recommendations is complex and challenging. Information in this design guide can help the energy
engineer qualify and quantify the spectrum of considerations and offer the most appropriate energy-
efficient resolution.

22.0.1 Laboratory type definitions

In the Handbook of Facilities Planning (1990), Lindner distinguishes among types of laboratories and typical
activities in each. [Lindner, 1990]

o  Chemistry Laboratories

Chemistry laboratories tend to break down into the following generic spaces: organic chemistry,
inorganic chemistry, physical chemistry and analytical chemistry.

e Biosciences Laboratories
These laboratories, sometimes also called life sciences laboratories, serve as work spaces for a

host of special research interests reflecting the investigators’ research direction. They are
distinguished by the support space that is required for each laboratory or group of laboratories.
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In most ceases, such support space houses: shared equipment, such as centrifuges, freezers, or
gas chromatograhs, spaces that need to be separated and enclosed for environmental reasons,
such as cold rooms, warm rooms or containment laboratories; or spaces that house specialized
functions, such as flow cytometry, tissue culture or autoclaving.

Fume hoods, as well as biosafety cabinets and laminar flow hoods, are used in all areas of
bioscience research. Storage for chemicals (solvents and acids) must be provided in accordance
with applicable codes.

e  Physical Sciences Laboratories

Physical science laboratories are distinguished from other types of laboratories in a number of
ways.

First, there is only a small amount of built-in furniture.

Second, there is an abundance and a variely of electrical power. This, of course, is due to the fact
that in most physical sciences research labs the floor space is occupied by an array of mind-
boggling apparatus and instrumentation, both home-built and store bought. Almost all of this
equipment requires power of varying voltage and amperage... Power and piped services are
usually provided from an overhead suspended service carrier.

The scientists will then build the experiment within the empty floor space, connect to the overhead
services and provide additional work surfaces with movable tables that can easily be rearranged...
[Lindner, 1990]

2.2.1 OSHA - 29 CFR - Part 1910.1450

As noted in OSHA-29 CFR, the following two points relate to energy efficiency. See Appendix A, Part C.
The Laboratory Facility, Section 4. Ventilation (f) and (g). All quotes below are from OSHA-29 CFR.

e Ventilation performance

The code specifies a room ventilation rate of four to 12 air changes per hour, which “is normally adequate
general ventilation if local exhaust systems such as hoods are used as the primary method of control.”

This range of air changes per hour is excessively broad and gives the energy engineer little guidance.
Many factors affect the best air change rate for the laboratory, and new design methods are in
development and testing. Chapter 3 of this guide treats the issue of air changes per hour.

e Ventilation quality

The recommendation is: insure that “airflow into and within the hood not be excessively turbulent; hood
face velocity should be adequate (typically 60-100 1fm).” This guidance is commensurate with energy-
efficient design practice.

The appropriate fume hood face velocity is an issue of considerable debate. Substantive work to
determine safe fume hood face velocity began in 1978 by Caplan and Knutson, et. al.
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2.2.2 ANSI - Laboratory Ventilation Standard - Z9.5 - 1992

See Sections: 4.8 Exhaust stack discharge; 4.9 Combined stack gas; 4.11.4 Differential pressure and airflow
between rooms; 5.7 Face velocities.

o Exhaust stack discharge

The recommended discharge velocity is 3000 feet per minute (fpm) for stacks without internal
condensation.

This velocity is based most likely on the expected average wind speed. Wind modeling and staged
exhaust fan operation can offer reductions in the energy consumed to produce this velocity. See Chapter
6.

¢ Combined stack gas
Two or more exhaust streams can be combined with this recommendation.

This translates into an energy-efficient design solution that will take advantage of diversity. See Chapters
3 and 6.

» Differential pressure and air flow between rooms

A pressure differential between the supply and exhaust air flows to and from the laboratory creates the
driving force that isolates the laboratory. The recommendation is that “...specifying quantitative pressure
differential is a poor basis for design. What really is desired is an air-flow velocity (usually 50 to 100 fpm)
through any openings...”.

While this 50 to 100 fpm air-flow velocity is desirable from an energy-use point of view, this value is quite
difficult to obtain and maintain in the “real world.” The velocity pressure differential to create 50 fpm is
only 0.00015 inches W.G. Typically, a laboratory maintains a differential of 0.01 to 0.02 inches W.G.
Further discussion is presented in Chapter 3. [Roberts et al., 1992]

e Face velocities

“...80 to 120 fpm with no face velocity measurement more than plus or minus 20% of the average” is the
suggested range of face velocity (OSHA-29 CFR).

This recommendation is slightly higher than the OSHA suggestion and, when applied, will lead to higher
energy consumption. See Chapter 3 and 6.

2.2.3 ASHRAE - 1991 Applications Handbook ~ Ch. 14 - Laboratories

The ASHRAE Applications Handbook chapter on laboratory design has many well-designed
recommendations that will increase energy efficiency. This document should be studied in preparation
for the design process. However, there is updated information for some of the recommendations
included in the ASHRAE handbook chapter as noted below. Further detail on the updates is available in
the specified chapters.

¢ Design conditions and thermal loss

Two recommendations in this section of the chapter require further analysis. The recommended design
temperature conditions... should be reviewed with the researchers using the laboratory since
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“expanding” the comfort “window” for both temperature and humidity will result in significant savings
in energy. See Chapter 3.

The recommendation for a separate thermostat in each laboratory is expanded. It now recommends the
inclusion of an Energy Monitoring and Control System (EMCS) that uses Direct Digital Control (DDC).

See Chapter 4.
¢  Supply systems - filtration

The filtration efficiency should be verified with the researcher, and the pressure drop of the filter should
be minimized. The energy-efficiency impacts of these two features of the filtration system are especially
important in research cleanrooms. See Chapters 3, 5, and 8.

e Exhaust systems, air balance and flow patterns

Two statements in the original ASHRAE standard need revision: “many research laboratories require 20
to 30 per hour air change rates,” and “generally, minimum rates must be within the range of 6 to 10 air
changes per hour of 100% outside air.” These are not supported by recent studies and calculations. Note
that in the ASHRAE Applications Handbook section under Flow Patterns, the recommended minimum
ranges from four to 20 air changes per hour. This approach of making a laboratory “safe” with high air
change rates is not an exact science and is extremely energy inefficient. See Chapters 3, 5, 6, 7, and 8.

¢ Laboratory animal rooms

The table in the ASHRAE handbook for Recommended Ventilation for Laboratory Animal Rooms,
compiled by the Institute of Laboratory Animal Resources, dates back to 1977. More recent studies and
evaluations have examined the benefits of ventilating cages directly and using computational fluid
dynamics to understand the room’s air circulation patterns more clearly. Energy savings are increased
when these techniques are used in the design process. See Chapter 3,5, 6, and 7.

2.2.4 ACGIH - Industrial Ventilation - 22nd Ed. - 1995

The ACGIH Manual of Recommended Practice should be used as a contemporary source of best design
practices for the range of design configurations likely to be encountered in the laboratory facility. This
manual is a great resource for air-flow rates needed in an energy-efficient laboratory. See Sections: 2.2
Dilution Ventilation Principles; 7.7 Air Changes; and 10.35.1 Laboratory Hoods.

¢ Dilution ventilation principles

These dilution ventilation principles use equations to more accurately predict the hazardous effluent
concentrations that are found in laboratory facility exhausts. The application of these principles can affect
the exhaust stack design and its exit velocity and consequently the energy required to create a safe
dispersion of the pollutants. See Chapter 6.

e Air changes

The issue of air changes is analyzed correctly. The standard states that ““Air changes per hour’ or ‘air
changes per minute’ is a poor basis for ventilation criteria where environmental control of hazards, heat,
and/or odors is required.” The impact of the laboratory’s ceiling height is identified correctly as one of
the reasons that the air change approach does not address adequately the required contamination control.
Dilution of these environmental conditions is the alternative method. See Chapter 3, 5, and 6.
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s Laboratory hoods

This section of the ACGIH manual references the best available research on fume hood face velocities.
Table 10.35.1 gives a comprehensive review of the arrangements for incorporating fume hood face
velocities from 60 to 100 fpm. See Chapter 3.

Table 10.35-1.

cfm/ft2
Condition Open Hood Face

1. Ceiling panels properly located with average panel face velocity 60
<40 fpm. Horizontal sliding sash hoods. No equipment in hood closer
than 12 inches to face of hood. Hoods located away from doors and
traffic ways.*

2. Same as 1 above; some traffic past hoods. No equipment in hoods closer 80
than six inches to face of hood. Hoods located away from doors and
traffic ways.*

3. Ceiling panels properly located with average panel face velocity < 60 fpm 80
or ceiling diffusers properly located; no diffuser immediately in front of
hoods; quadrant facing hood blocked; terminal throw velocity < 60 fpm.
No equipment in hood closer than six inches to face of hood. Hoods
located away from doors or traffic ways.*

4. Same as 3 above; some traffic past hood. No equipment in hood closer 100
than six inches to face of hood.

5. Wall grilles are possible but not recommended for advance planning of
new facilities.

*Hoods near doors are acceptable if 1) there is a second safe egress from the room, 2) traffic past hood is
low, and 3) door is normally closed.

2.3 Design Program
Energy Efficiency ahd the Design Program

As part of the design basis document, the research organization and design team should prepare an
“energy efficiency mission statement” to outline the goals, methods, evaluation criteria, and constraints of
the facility’s energy efficiency measures (EEMs). Establishing priorities and communicating them among
all parties must be the first step in the design process.

e Innovative concepts

Even experienced individuals have a natural tendency to repeat what works rather than test new ideas
rigorously. The design team should not have prejudices about the laboratory design. Creative energy
engineers will use the “mission statement” to find ways of developing opportunities out of challenges.
Innovative concepts must be explored at the micro and macro levels as a collaborative effort among the
energy engineer, research scientist, and the design team. [Wodka, 1990; Cooper, 1994]
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e User's ideas

Excellent ideas for design concepts often come from a facility’s eventual users. However, caution is
advised since laboratory users have a hard time imagining facilities they have not experienced.

¢ Changing research

Many laboratory activities are on the cutting edge of technology. The goal of research is to make new
discoveries and develop better processes. Because change is inevitable, flexibility is an asset in
laboratory-type facilities. [Wodka, 1990; Cooper, 1994]

2.3.1 Functional differences in laboratories

A brief overview of the functional differences in laboratories is presented for orientation. Based on
differences in scientific objectives rather than the more usual distinction of field of practice, laboratories
can be divided into four categories: basic science, applied science, invention, and analysis. Each
represents a different goal of the laboratory’s output and requires a different classification. In the
Handbook of Facilities Planning (1990), Wodka distinguishes various general categories of laboratories
and describes the types of research done in each.

2.3.1.1 The basic science lab

This lab’s activities are dedicated to advancing understanding and pure scientific knowledge. Its
output is judged by scientific peers, and the value of the work done is seen in very academic
terms. To allow this to occur, with the high quality and thoroughness demanded by good scientific
practice, there is much individual control of projects following personally chosen objectives. Lab
work is usually bench scale, and the facility is often broken into ownership of individual labs by the
scientist in charge. [Wodka, 1990]

2.3.1.2 The applied science lab

This lab uses the techniques and methods of science to produce practical, useful results. These
results may be in the form of a concept or a verification of a hypothesis in order to solve a stated
problem. In this case, the work is judged by those who stated the problem, and these persons are
often not scientists. This is an important distinction because the concept of a client enters the
picture at this level of science. In basic science, the client can be viewed as science itself. In
applied science, there is a definite judgment made by outsiders. Quality is based on the success
of the solution proposed. This naturally leads to less control over one's work, since fitting the
solution and the problem together demands a different approach to lab practice compared to pure
discovery for its own sake. Work here ranges from a high degree of bench-scale activity to larger
functions that may include pilot production spaces. [Wodka, 1990]

2.3.1.3 The invention lab

Even more responsive to external pressures is the lab where actual products are invented. These
places are part of classic corporate R&D operations. The problem here is often defined in terms of
taking an applied science finding or principle and making it practical for the marketplace. In these
situations the issuses relate to how to make it, and success is clearly defined by sales and profits.
These labs usually have real products or subcomponents requiring space that supports everything
from bench scale activity to hangers for huge objects or pilot production. [Wodka, 1990]

2-14



2.3.1.4 The analysis lab

The analytical lab supports the other labs by providing service. The focus here is producing data,
as opposed to providing basic understanding, useful concepts or hardware. Analytical lab
personnel usually make no judgments as to the value of the data they produce. Therefore, like
basic science labs, these labs are concerned with accuracy, truth and specific knowledge.
However, they are also responsible to outside customers who judge their output and set their
problems, which makes their accountability more like that of applied or invention labs. While the
work is most likely to be bench scale in size, repetitive operation and high efficiency are the key
goals. [Wodka, 1990] :

2.4 Design Flexibility
Energy Efficiency and Design Flexibility

In the design process, the energy engineer is most likely to encounter a desire for adjustability and
expandability of the laboratory’s energy-using systems, notably its environmental conditioning (HVAC)
system. Planning for facility flexibility, in the form of future expansion by the design group, will push the
sizing of these systems to larger capacities. To accommodate these capacities it is important to apply a
“right-sizing” systems approach. This will ensure that the near-term system usage will be efficient.

2.4.1 Design flexibility impacts

The impacts of the laboratory’s design flexibility on its energy efficiency are significant and subtle. They
are significant because the survivable nature of a flexible design allows investments in energy-efficiency
features to provide a positive payback over the long term, and subtle because of the ease with which they
can be overlooked in the early stages of the design process. The diverse and often conflicting
interpretations of flexibility must be examined, in some functional way, before flexibility can be converted
into a working plan. [Lindner, 1990]

2.4.2 Flexibility types

The term “flexibility” will lack consistent meaning among the various participants in the planning and
design process. The work of three authors has been compiled below to clarify the term “flexibility” as it
relates to the design process for energy-efficient research laboratories. Their work and that of others, e.g.,
Pena et al. (1977), develops some useful distinctions to help understand alternative types of flexibility.
The distinctions are the following: Watson, 1990 and Lindner, 1990, make the distinctions in the sections
below.

2.4.2.1 Adaptability

The first level of flexibility is a laboratory’s ability to adapt to different uses without requiring physical changes. For
instance, a ‘“flexible” laboratory could accommodate microbiology studies during one year and analytical chemistry
studies during another year without any changes to benching, hoods, utilities, walls, or ceilings. The only changes
would be in the type of science being practiced, the equipment brought in, and the people doing the work.
Adaptations would be limited to moving and rearranging furnishings such as tables, chairs, computers, and carts.
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2.4.2.2 Adjustability

The second level of a laboratory's flexibility is its ability to adjust and redirect function with minimum disruption of
operations. Trades personnel, using common hand tools, may be required to remove or install new equipment and
attach to building services and utilities in a reasonable amount of time. Examples of adjustments include adding or
removing sections of lab counter tops, rearranging casework and shelving, and adding or removing a fume hood or a
biological safety cabinet. When a fume hood or a biological safely cabinet that has dedicated exhaust is changed,
adjustments to the entire facility's HVAC balance and EMCS will be required to preserve user safety and comfort.
Fume hood removal or installation and casework changes must take place without impacting adjoining lab
operations or disrupting building services.

2.4.2.3 Expandability

The third level of a laboratory’s flexibility is its capacity for renovations that reassemble interchangeable
subcomponents into new spatial configurations or new functional assemblies. Products such as system furniture,
modular walls, modular utility systems, and modular ceilings can change size, shape, capacity, and location.
Expandable modular laboratory components allow for changes in fenestration, interior walls, door placement, HVAC
zoning, and utility distribution with the addition, subtraction, and relocation of the modular subcomponents. For
instance, a modular ceiling allows the number and or placement of HVAC registers and light fixtures to change.
Expandable modular building components allow for changes in the capacity and location of major building elements,
such as the mechanical, HYAC, and plumbing services.

Laboratories should be designed to one of the above flexibility levels. In most cases flexibility options are mixed,
based on the future needs of the facility.

2.4.3 Operational classifications

An operational classification matrix includes the functional distinctions described above as well as
process complexity which reflects the project mix and the procedure mix in the laboratory. The project
mix is an indicator of the variety of the research conducted in the laboratory. The procedure mix is the
number of experimental or analytical protocols used in a single type of research in the laboratory. This
“matrix” of operational and physical similarities then describes what well-planned laboratories have in
common. Two important ‘types’ of research laboratories can now be described as follows.

2.4.3.1 Independent discovery laboratory

This type of laboratory includes all basic science research laboratories that have both single and multiple projects
and procedures. This type of laboratory also includes applied science laboratories that have only single projects but
include both single and multiple procedures. Individual projects typically remain independent to maintain scientific
purity and personal control with a minimum of project cross-fertilization. This type of laboratory is usually designed
to be adaptive and adjustable (see Sections 2.4.2.1 and 2.4.2.2 for definitions). Large-scale expandability is a
secondary consideration, occurring at intervals of up to 10 years.

Independent discovery laboratories often need only limited plumbing (plumbed utilities), which suggests that
conventional redundant distribution may not be the most appropriate technique. This type of laboratory has a
moderate need for widely distributed electrical service. Change... when it occurs, is usually precipitated by a change
in research method rather than by a change in timing or in a field of study, which is best supported by local revision
of the space and key components rather than by wholesale remodeling. These types of laboratories are presently
acquiring large pieces of computerized equipment, which is causing an increase in bench changes. The most
significant renovation activity is the addition of ventilation and the trade of bench top space for hood space or for
floor space to accommodate electronic equipment and computer space. This renovation often results from the
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increasing need in an independent discovery lab to investigate nature by making ever smaller measurements, which
require more sophisticated equipment and environmental contamination control. [Wodka, 1990]

2.4.3.2 Interactive commercial laboratory

Interactive commercial laboratories include all invention research laboratories that have both single and multiple
projects and procedures. This type of laboratory also includes applied science laboratories that have multiple
projects including both single and multiple procedures. These laboratories rely on information exchange among
employees and project cross-fertilization and often have parallel programs, with scientists working on segments of
the same problem. Interaction among these programs is essential in solving large, complex problems. [Wodka,
1990]

These laboratories use a limited number of utility services that are typically plumbed into the laboratory. Like
independent discovery laboratories, above, they need new approaches to utility service distribution. These
laboratories use electrical service extensively. Change here is precipitated by changes in program and timing, which
feed the need for expandability.

Because these laboratories have either multiple processes or programs, the open-plan or ballroom lab has been the
design choice. Like the independent discovery laboratories, these laboratories are now also using more
computerized equipment to expedite work, and bench rearrangement is common. Investment in this equipment is
seen as a step toward productivity. '

2.4.4 Conflicts among flexibility types

Flexibility in the laboratory design offers the chance to deal with organizational change effectively.
However, conflicts may occur during planning that can render flexibility choices useless unless the
conflicts are resolved. For the energy engineer, those conflicts fall into two categories: physical and
safety. [Ruys, 1990]

2.4.4.1 Physical conflicts

A singular flexibility type may be selected for a lab; problems may result from attempts to blend flexibility types.
These problems develop when the interaction, assembly arrangement, and fit tolerance of the building systems are
at odds with one another. Assembly methods must allow the altered system to be relocated or reconfigured quickly
when it must work within other system elements that are slow and difficult to change.

2.4.4.2 Safety conflicts

The energy engineer must consider potential safety conflicts that will arise from flexible laboratory designs. Although
easily relocated and convertible components like hoods and wall systems give flexibility, changes should not
become easy enough for individual users to do on their own. There can never be enough built-in safety controls to
ensure proper application and connection if changes are made by untrained personnel. [Ruys, 1990] .

2.4.5 Flexibility and planning

Flexibility is often substituted for comprehensive planning. If time is available in the design process, the
energy engineer should propose scenarios describing how the progress of research in the lab space can
lead to renovation, major or minor. Alternatively, scientists who will use the laboratory can describe how
the progress of their research projects will create new design requirements in the space, or how their past
work evolved to require new changes in existing lab spaces. All of these scenarios should include the best
projections of the likely changes through the life of the facility. [Ruys, 1990]
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New facilities will be flexible, more heavily equipped, more sterile, more secure, and more expensive and
they will be operated by more highly skilled and educated personnel. The challenge to laboratory facility
designers is to build a strong knowledge base of general science, become informed about the successes
and failures of today’s energy-efficient laboratories, assist in the development and analysis of the clients’
laboratory performance requirements, and synthesize this information into a design solution. [Watson,
1990]

Ruys (1990) admonishes:

Finally, keep in mind that on this subject, the last word is: there is no last word. This is
true because lab planning and design are based on the unpredictability of science and
technology.

Tested and workable solutions are not constants to be applied to the design process. Engineers should
review these solutions each time and must update them continuously to help guide the process of
providing laboratories that will work efficiently now and in the future.

2.5 Laboratory Adjacency ‘ \
Energy Efficiency and Laboratory Adjacency

Eliminating cross-contamination between laboratories is a primary consideration in designing safe and
productive laboratory facilities. Energy efficiency can be accomplished with a design concept that
includes modular degrees of isolation for the required controlled environments. Laboratories that contain
individual processing rooms can modulate the isolation pressures more accurately, increasing both
energy efficiency and safety. By designing the facility with multiple degrees of isolation, several
processes can be maintained concurrently. [Bossert et al., 1994]

According to Cooper (1994):

The pace of discovery and the potential hazards of research have dictated that
sophisticated mechanical and electrical systems and services are available to create
pleasant, productive, and safe environments for scientific inquiry. It is not unusual for
the building volume devoted to systems and services to exceed the usable, or served

spaces.

2.5.1 Support activity integration

Support activities include spaces for special equipment or work tasks that require unique environments
such as animal control rooms, tissue culture, or darkrooms. Noisy, vibrating, and high-heat-generating
equipment such as freezers and centrifuges are better located slightly remote from the laboratory bench
area. Here again, it is not unusual for this laboratory support space to equal or exceed the area of the
research laboratories. [Cooper, 1994]

2.5.1.1 Support spaces

Laboratory support activities should occur away from the “bench area,” but close by. The UCB Department of
Physics Facilities Planning Study Technical Appendix (1993) points out that,

Theoretical research offices and the associated research laboratories provide an example of this
need for proximity. Support space typically includes computer rooms (no raised floor required;
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cooling required) and conference rooms. Theoreticians typically work in their offices with direct
access to a utility corridor preferred. The office size for theoreticians and experimenters should be
the same. Research space for each group’s experimenters should be contiguous.

2.5.2 Air flow isolation

Laboratories are spaces where testing and analyses take place, for observation, experimentation, and
scientific practice. These practices involve handling hazardous, toxic, precious, or delicate materials. The
authority that has code jurisdiction or certification requires these practices be performed in isolation from
normal facility workplaces and conditions.

e Pressure relationship

This isolation is accomplished through the air balance/pressure relationship to adjacent areas. The
pressure relationship is either:

a. negative in the case of hazardous isolation for handling hazardous or toxic operations (a.k.a. dirty
operations), or

b. positive in the case of protective isolation for handling precious or delicate operations (a.k.a. clean
operations).

e Isolated operations

Laboratory-type facilities are buildings that contain areas where “isolated operations” are performed with
hazardous, toxic, precious, or delicate materials. The air balancing within the facility requires
coordination between the facility’s individual air-handling units to maintain the directional air flow
between rooms. Users should be restricted from accessing any air balancing devices since changes affect
the air balance of the entire facility.

2.5.3 Hazardous isolation

Hazardous isolation air should flow from areas surrounding the laboratory operation to areas of most
critical (dirty) operation inside the laboratory. The laboratory must have a negative pressure differential
relative to cleaner, adjacent spaces. Therefore, air flows to the most hazardous area of the laboratory from
the external hallway, through the adjacent laboratories by which the most hazardous laboratory is
accessed. An acceptable (minimum) pressure differential would be 0.02 in. W.G. [Bossert et al., 1994]

2.5.4 Protective isolation

Protective isolation air should flow from areas of critical (clean) operation inside laboratories to areas of
less critical operation, such that each laboratory has a positive pressure differential relative to less clean,
adjacent rooms. Air flows from the laboratory to the external hallway from which the laboratory is
accessed. A pressure differential between spaces of 0.05 in. of water gauge (with doors closed) is
acceptable (FDA 1987; CFR 1986). Air flow between spaces must be maintained so that even when
doorways are opened, outward air flow restricts the introduction of contamination into the cleaner area.
While a pressure differential of 0.05 in. W.G. is acceptable, the design of the system to maintain air flow
between rooms is critical and may require a higher pressure differential because of openings between
rooms. [Bossert et al., 1994]
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2.5.4.1 Sterile manufacturing operations
Bossert and McGinley (1994) describe some of the ways in which sterile manufacturing environments are unique.

Sterile manufacturing operations are arguably the most closely scrutinized manufacturing activities
in either a production facility or a clinical supply laboratory. Because of the nature of sterile
products (must be free from all viable and nonviable contamination), the areas of operation in a
sterile suite require separation and control, and each area requires different degrees of air quality,
depending on the intended use of the area. [Bossert, 1994]

2.54.2 Solids manufacturing environment

In their paper, “Design Characteristics of Clinical Supply Laboratories Relative to HVAC Systems” (1990), Bossert
and McGinley distinguish solids manufacturing environments from sterile manufacturing environments.

...Unlike sterile manufacturing, where restricted introduction of particulates is a key consideration,
in a solids manufacturing environment, particulates are readily introduced into the manufacturing
area by the nature of the starting and in-process materials and the processes. In a solids facility,
then, the “dirtiest” areas are those in which manufacturing operations occur, and the cleaner areas
are those adjacent to the manufacturing rooms. As such, the airflow should be from the cleaner,
adjacent hallways or access rooms toward the more central manufacturing rooms. [Bossert,
1994]

25.5 Airbalancing

The air balancing is complicated since general room exhaust and fume hoods are typically on the same
system. Operation of the fume hoods will alter the air balance if the system is not properly designed.
Room pressure control must be maintained automatically. When the fume hoods are adjusted, they
should only affect the air within an individual laboratory room and not the adjacent laboratories. To
achieve a specific pressure differential, additional sealing of walls, doors, windows, and ceilings may be
required [Bossert, 1994]

2.6 Modular Design
Energy Efficiency and Modular Design

One of the most important strategies to incorporate flexibility in a laboratory-type facility is to provide
modular systems. The main energy-use benefit of the modular research laboratory is the flexibility it
provides to arrange the environmental conditioning systems efficiently. The modules can accommodate a
wide range of mechanical and electrical systems with a broad variety of energy-efficiency features. These
modules can expand incrementally to provide enough physical space for initial use, and for future
growth. [Lindner, 1990; Cooper, 1994]

2.6.1 Laboratory modules

A laboratory module is the three-dimensional planning unit composed of a specific floor space for
laboratory work that is repeated throughout the facility. The module is related proportionally to other
building systems. Modules are combined and divided into viable units to satisfy the researchers’
programmatic needs. They have planned and identified locations for partitions, ceiling and lighting
systems, supply and exhaust air systems, plumbing and piping systems, and electric power distribution.
The energy engineer should make modular space planning decisions by applying the principles of value
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engineering. The energy-efficiency considerations in the selection of a planning module include but are
not limited to the following aspects:

e access, egress, and internal traffic patterns,
e location of the offices and support spaces,
e location of the hoods,

e accommodation of process equipment, and

¢ the number of people in the space. [Lindner, 1990]

Laboratory modules are intended to facilitate safe, cost-effective modification of support systems when
the inevitable changes to the space occur. The mark of a good laboratory design is that its energy
efficiency, safety and economy complement the modular nature of the design. [Lindner, 1990; Cooper,
1994]

2.6.2 Fume hoods and laboratory modules

Although the choice of whether or not to use the laboratory module concept is based on many factors, it
should be noted that relatively small laboratory modules with multiple fume hoods impose more
stringent requirements on the ventilation system design. Fume hoods have a major impact on the design
and configuration of the laboratory ventilation systems, and their impact will be greatest in rooms where
the amount of air flow through the fume hood is large in comparison to the normal ventilation
requirements of the room itself. In other words, a fume hood which can consume as much or more air as
is required to ventilate the room itself will create a need for a precise and highly responsive room
ventilation control system. This also translates into the need for accuracy and precision in the design of
the ventilation systems themselves. In contrast, larger laboratory rooms (e.g., in a teaching laboratory)
will be less impacted by the changing air flow of a single fume hood and will be able to better absorb the
effects of changing fume hood airflow. [Landis and Gyr, 1994]

2.6.3 Cleanroom modules

Along with the ever-increasing cost of cleanrooms, a design trend has developed to reduce the area of the
cleanroom by placing the process equipment outside the clean room envelope into modular “gray” areas.
The use of gray areas reduces the volume of the actual cleanroom proper and modularizes the tasks
necessary to operate the cleanroom. This leads to a downsizing of the environmental conditioning
systems and a commensurate lowering of their operating costs. Much of the normal maintenance and
chemical distribution can now be done in the gray area instead of in a cleanroom area. This helps lower
the number of people in the cleanroom, further reducing the operating costs by controlling contamination.
Another side benefit is that adjustment and maintenance activities can now be done in the gray area more
quickly and efficiently. [Briner, 1986]

2.6.3.1 Modular clean bay

Another modular layout approach places processing equipment into a “clean bay,” which acts as a cleanroom when
the product is present and as a “gray” area when production is shut down for maintenance or engineering. A closed
door isolates the “clean bay” from the cleanroom. Service access is accomplished through another door between
the “clean bay” and the “gray” area. The temporary isolation of process equipment in a clean bay preserves the
integrity of the cleanroom because all servicing is done from the gray area. Service personnel have unhindered
access to the processing system, tools, parts, and service facilities, and only qualified operators work inside the
cleanroom. [Briner, 1986]
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2.6.4 Cleanroom isolation technology

Isolation technology can reduce further the cost of cleanroom operation in a variety of industries where
rooms of various areas utilizing isolation techniques can replace large-scale cleanrooms, sometimes
referred to as "ballrooms.” The large-scale cleanroom should be a thing of the past; a blend of isolation
techniques, robotics, and automation will be the way of the future. [Mcllvaine et al., 1992]

2.6.4.1 Ballroom-style cleanrooms

Ballroom-style cleanrooms are arranged with all operations, routine servicing, chemical distribution and maintenance
completed inside the ballroom space. System accessibility is relatively good, but all adjustments and maintenance
are carried out in the cleanroom itself, which causes unpredictable interruptions that generate high levels of
particulate contamination. Ballroom-style flexibility is limited because process equipment must be removed or
installed on off-shifts when “particle storms” can be tolerated. [Briner, 1986]

2.7 Utility Service Spaces
Energy Efficiency and Utility Service Spaces

There are many utilities, ducts, and electrical services that must be distributed throughout the laboratory
facility. Providing orderly pathways and routing for these will reduce energy use and space
requirements and make future maintenance easier..

s  Utility coordination

To provide efficient horizontal and vertical pathways for the ducts and pipes required for HVAC,
plumbing, communications, and electric power requires a great deal of coordination among the
researchers, designers, and engineers. The location of these pathways is normally determined by the
facility’s function, systems access, and first cost and does not consider the energy waste incurred by
inefficient routing of these services.

e  Access space

All designs require access space during the original installation and for maintenance and remodeling
during the life of the facility. Energy engineers should be involved in the design of access spaces as early
as possible. There are many ways of servicing or providing pathways for services in laboratory buildings,
but only a few basic approaches ensure an energy-efficient design. The energy engineer should keep in
mind that the laboratory planning module and the structural system could be in conflict with energy-
efficient utility design, which would impair the efficient routing of utility services during original
installation, as well as during future renovations. [Ruys, 1990]

2.7.1 Suspended ceiling layout

A generous vertical floor-to-floor dimension is essential in research laboratories to provide adequate
space for the horizontal mechanical and electrical distribution systems. These systems can be placed
above a suspended, accessible ceiling. The floor-to-floor height typically includes the functional space, as
well as mechanical, electrical, and structural systems. The energy engineer should track space
assumptions constantly as the structural and mechanical engineers refine their calculations. Frequently
these refinements lead to floor-to-floor height contractions that will “squeeze” the efficient sizing of the
HVAC systems. [Cooper, 1994]
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Early designs probably will be based on an assumed ceiling height or on the height of the light fixture
above the finished floor. This height varies from 8 ft. 0 in. to 11 ft. 0 in. above the finished floor. The low
ceiling height of 8 ft. 0 in. will depend largely on the size of the space and will reduce the volume of air
when ventilation rates are based on air change rates. Heights of 11 ft. 0 in. and higher will depend on the
size of the space as well and will affect lighting calculations in the energy use of the space. [Lindner,
1990]

2.7.2 Utility corridor

In another approach, the engineer can site the distribution system between laboratories instead of above
them. Here, the laboratory spaces are adjacent to an accessible utility corridor which houses horizontal
duct and pipe runs above head height. The ducts and pipe distribute horizontally into individual
laboratories through their ceiling space. Laboratory benches are serviced through the wall from the
utility corridor. The design still requires vertical shafts for ducts and pipes to rise or drop to mechanical
spaces. The advantages of the utility corridor approach are smooth routing for energy efficiency and easy
access for changes and maintenance. The disadvantages are the additional floor area required and a
constraint on the ability of the back-to-back laboratories to communicate or expand. [Ruys, 1990; Cooper,
1994]

2.7.3 Interstitial space

This arrangement uses an accessible space above the ceiling plane with a floor for access and a low
vertical height to accomplish a horizontal distribution of systems. The HVAC and services drop (or rise)
vertically from this space into the laboratory envelope and connect to the benches and equipment.
Ventilation air is typically distributed from above the laboratory space it serves. Interstitial space or a
mechanical loft space have excellent advantages to provide energy-efficient layouts of the services
required for laboratory-type facilities. They provide excellent access for maintenance personnel. Vertical
shafts at the perimeter or in a central core connect interstitial space services with the entire building. The
disadvantage compared to other approaches is the high cost, but use of interstitial space provides good
long-term adaptability and a more efficient maintenance program. [Ruys, 1990; Cooper, 1994]

2.74 Retrofits

Two of the most successful methods of modernizing an older building are to use the interstitial or
“exostitial” mechanical/electrical service space. The interstitial space concept may require appropriating
existing usable space. A modification of this approach requires building a floor mezzanine between other
floors to locate new equipment and networks.

Exostitial space is the addition of service space to the building volume at the perimeter or on top of
existing space. Although the cost of providing this service space is high, there may be no other options
available when retrofitting certain facilities. There is significant flexibility to this method.

Either concept permits the installation of energy-efficient “plug-in” laboratory adaptations which reduce
the expense of repeated system modifications. [Cooper, 1994]

2.8 Minienvironments

Energy Efficiency and Minienvironments

The layout of a cleanroom has an impact on its energy consumption. The layout that requires the lowest

quantity of recirculation air within the cleanroom will result in the lowest enérgy consumption using
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minienvironments, or locally isolated environments, can have a significant impact on the energy
consumption of a laboratory-type facility containing a cleanroom. The greatest benefit of
minienvironments is that they enable the laboratory to operate at much lower power consumption levels
by decreasing the air volume that must be conditioned and reducing the installed air handling capacity.

2.8.1 Overview

Cleanrooms in laboratory-type facilities used for research require the control of particle sensitivities that
approach the 0.01 micron size. In these facilities and in microelectronics production facilities, costs,
expressed as a function of silicon wafers, are increasing dramatically. Researchers and manufacturers are
concerned that this escalation rate will exceed the rate of device integration, a trend that threatens to
reverse traditional economics and increase the cost per function of the silicon wafer. Additionally, when
the production of new devices moves from the research laboratory to large cleanrooms, these production
facilities cannot purge particles this small. Increased silicon wafer costs are driven by: process
complexity, escalating equipment costs, facility construction costs, and operating costs, which address the
increasingly stringent contamination requirements. Energy-efficient laboratory-type facilities
incorporating minienvironments can help contain these costs by reducing the first costs of construction
and the life-cycle energy use of the facility. [O'Reilly and Rhine, 1995]

2.8.2 Minienvironment concept

The mini-environment is a class 1,000 ballroom environment with locally isolated environments of class 1
or better. The idea is to reduce the volume of ultra-clean areas to a minimum by enclosing only the
immediate environment of the contamination-sensitive products. During the whole production cycle, the
products remain completely isolated from personnel and the surrounding environment by either a
physical barrier or an air curtain. The minienvironment has three advantages:

e reduction of ultra-clean areas minimizes the investment and operational costs of the
environmental conditioning systems, '

e isolation of the product provides contamination control at the product level, and

e the minimum enclosure size of the minienvironment maximizes flexibility. [Gath et al., 1995]

2.8.2.1 Minienvironment enclosure

The minienvironment encloses each piece of process equipment or tool in a local Class 1 ultra-clean area;
continuous positive pressure in the enclosure prevents influx from the less stringently maintained ambient
atmosphere. The ultra-clean air for the minienvironment can be provided either by integrated filter-fan units on top of
the enclosure or through connections to the plenum of the cleanroom ceiling. [Mcllvaine, 1992]

In general, the minienvironment is composed of three elements:

1. An isolation enclosure for the process or measurement tool, coupled with a source of clean air for the
enclosure,

2. A container to hold and transport the product, and

3. An Input/Output device to extract parts from the container and present them to the process tool. [Bonora,
1993]
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Originally, minienvironments were designed to enclose the whole process tool, resulting in a “tool in the box.”. Mini-
environments have become smaller and now typically only enclose the product handling area of the process tool.
Smaller environments decrease air circulation volumes and improve maintenance access to the tool. [Gath, 1995]

2.8.2.2 Inert gas microenvironment

A minienvironment is very clean space in which a physically-isolated manufacturing tool operates; it may include a
single tool or a cluster. In minienvironments, such as clean hoods or environmentally controlled enclosures around
tools, tool adjustments or maintenance intrude into the controlled area, which can lead to a gradual degradation in
cleanliness. A step beyond the minienvironment is the so-called microenvironment, which isolates the clean space
with an inert gas, such as ultra-pure nitrogen, rather than air. A microenvironment encloses only the area necessary
for successful processing of the product; most of the tool remains outside the microenvironment for ease of
maintenance operations. [Mcllvaine, 1992] :

2.8.3 Minienvironment benefits

Minienvironments have proven to substantially reduce capital and operating costs while improving
cleanliness. The direct benefits of minienvironments include the following:

¢ reduced air handling capacity,

e reduced power consumption,

e decreased particle contamination, and

¢ reduced gowning requirements. [O'Reilly and Rhine, 1995]
An indirect benefit is the superior contamination control performance of the minjenvironment, which
eliminates the need for new air-handling and contamination control systems with each generation of
processing tools. Thus, it is now possible to develop laboratory-type facilities that bridge several
generations of device technology. The success of older-generation cleanrooms validates this capability.

Other cleanrooms with minienvironments have made successful transitions to submicron processing.
[Bonora, 1993]

2.8.4 Mini-environments air supply

Early in their development, minienvironments used the same supply of clean air from the filter ceiling as
the conventional cleanroom. Ultra-clean air was supplied through the ULPA filters suspended from the
existing ceiling grid minienvironment. The trend toward stand-alone mini-environments, as well as the
requirement of optimized flexibility in tool layout, has led to the use of dedicated fan filter units as air
supply sources. [Gath et al., 1995]

Only air volumes within the clean air enclosure need to be controlled to desired class specifications,
typically 20% or less of the total cleanroom air volume. The air outside the enclosures can be maintained

at Class 1,000 and Class 10,000, while the air within is at Class 1 and Class 10 environments. [Briner,
1986]

2.8.5 Barrier isolation and the mini-environment

Minienvironment isolation enclosures can be grouped into four primary types:

e canopy enclosures constructed of clear plastic panels with localized clean air source,
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e wall enclosures with ceiling clean air source (the “clean bay” approach),
* hanging curtain enclosures with ceiling clean air source,

*  air curtain containment systems. [Briner, 1986]

2.8.5.1 Minienvironments hard wall enclosures

Hard wall enclosures are not always used to create minienvironments. Modules can be furnished with HEPA-filtered
air curtains utilizing direct-drive motor blowers to provide portable Class 100 areas. The units may be self-contained
modules with their own motors and blowers or terminal modules on the central air supply. Self-contained units are
recommended because the majority of air is recirculated, which reduces energy costs. Self-contained units are
equipped with a separate motor/blower with speed control to obtain control of air velocity. Air curtain directional
adjustments can be made easily; directional mass control of laminar air flow can be manipulated. [Mcllvaine, 1992]

2.8.5.2 Minienvironments air curtain enclosures

The air curtain, in addition to providing a minienvironment barrier, produces an important side benefit. The low-
pressure area created by the air curtain starts a slight horizontal component to the vertical air flow in the
minienvironment. The effect of this horizontal component is to create a sweeping action whenever the vertical air
contacts a horizontal or irregular surface within the minienvironment. This horizontal flow serves to evacuate
particles. [Schneider, 1995]

2.8.5.3 Automation and the minienvironment

The more that the process equipment and materials handling systems are automated, the less need for human
operators. Therefore, state-of-the-art processing equipment is designed to require little or no operator presence in
the cleanroom during normal device production. The Standard Mechanical Interface (SMIF) wafer-handling system
is a method developed by the microelectronics industry for wafer transport between minienvironments. [Mcllvaine,
1992; Briner, 1986; Dooley, 1986]

Robot arms are the most flexible way of handling products, with an interequipment transfer system between the
process machines and the storage areas. Robot arms transport products in and out of the minienvironments in

sealed, ultra-clean cassette containers.

An automated environment SMIF environment incorporates the use of the following features, according to King
(1986):

1. Isolation of process equipment using protective clean air enclosures,
2. SMIF pods to house and transport products,

3. SMIF robots to provide protected transfers between SMIF pods and process equipment.]

2.8.5.4 Minienvironment results/case studies
Minienvironments cost significantly less to construct than full-scale cleanroom facilities.

In 1970, the initial cost of building and equipping a high-volume, state-of-the-art production
cleanroom was $30 million. By 1990, this cost had increased tenfold to $300 million. The use of
the minienvironment can offer savings in reduced initial construction costs for environmental
conditioning systems, commensurate reduced annual operating costs, a highly flexible equipment
layout, and reduced costs for personnel and operator gowning procedures. [Mcllvaine, 1992]
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The volume of clean air required to maintain acceptable contamination levels in the cleanroom is dramatically
reduced. According to Cleanrooms - 1992-2000, Rooms and Components Vol. Three (1992) to maintain

... a conventional cleanroom of 40,000 square feet uniformly clean to Class 1 standards requires

* the recirculation, conditioning, and filtration of over four million cubic feet of clean air per minute.
Operating the required air handling equipment consumes approximately ten million kWh per year
of electricity. This can cost as much as $1 million per year at an assumed cost of $0.10/kWh. A
[small] fraction of the ... clean air volume is required in an equivalent minienvironment cleanroom
because, while the local environment around the product and the processing equipment is kept
ultra-clean, the rest of the room is kept at a much lower level of cleanliness. [The Mcllvaine Co.,
Minois, Correspondence, October 1995]

Different cleanroom design concepts and their energy consumption have been compared by Lynn (1991). All four of
the concepts studied are currently being used in industry to obtain Class 1 Performance.

1. Clean Bay Return Chase (This concept is a common configuration in Class 10 or better
cleanrooms.),

2. Clean Bay/Supply Air to Chase,
3. Ballroom, and
4. Minienvironments.

To compare these concepts on equal terms, the process equipment load and building exhaust flow were held
constant; the only variation among the four concepts came from varying air-flow rates for the cleanroom recirculation

systems.

Total energy consumption varied by site location, but energy consumption for the minienvironment was the lowest for
both locations modeled: New England and San Jose, CA. While the percent differentials among concepts varied by
location, the minienvironment concept ranked the lowest.in each location.

The San Jose location yielded a variation of 29% between the annual maximum and minimum total energy
consumption. [Lynn, 1991] :

Fan energy consumes a greater percentage of the total energy in San Jose than in New England, resulting in a wider
variation in energy use between these two geographic locations. Colder climates require more heating energy;
therefore, the total energy impact of fan energy savings is reduced. Cost savings for reducing fan energy can be
